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ABSTRACT

Thermophysical and thermochemical material property data and ablation
test data have been compiled for three charring ablators: low-density nylon
phenolic, the Apollo heat shield material, and a filled silicone elastomer.
These data are representative of the published data on these three materials.
Comments are made on the accuracy and credibility of these data. Also, the
analysis of the ablation test data, with the NASA Langley Research Center
Charring Ablation Program (CHAP), is discussed.
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SECTION 1

- INTRODUCTION

The present program aims to define the range of applicability of the
Langley Research Center Charring Ablation Program (CHAP), describad in
References 1-1 and 1-2, using two versions of CHAP to predict test data over
a wide range of conditions for three charring ablators: low density nvlon
phenolic, the Apollo heat shield material, and filled silicone slastomer.¥*

The ‘program has two major tasks, scheduled to run successively. Task I
involves the collection of material properties data and ablation test data

and the conduct of qualifying calculations to demonstrate successful operation
of the CHAP code. . For reporting purposes, Task I is organized irke sub-

tasks as follows:

Task Activity

T Properties and Test Data Collection:

Qualifying Calculations

I.1 Properties Ccllection
I.2 Test Data Collection
.3 Establishment of Agreement Criteria:

Qualifying Calculations
I.4 Reporting and Review

Task IT will involve extensive computer runs to determine one set of

thermophysical and thermochemical properties for each kind of material and the

range of applicability of the CHAP program for each material.

The present report is the Task I Final Report, It presents the

properties data and ablation test data which will subsequently be used in
Task II, and describes the results of the qualifying calculations with the
simpler CHAP I version of the ablation code**, Section 2 presents the pro-

perties data; Section 3 describes the ablation test data, and Section 4

*The thrust of this program is toward possible space shuttle studies, which
will feature lower density materials. The three materials chosen represent
‘& compromise between similarity to shuttle candidate materials on the one
hand and the current availability of sufficient test data on the other,

¥*Chap II includes a complex "coking" or char densification model. Sinece no
good test data exist to evaluate this code, qualifying calculations are less
applicable.
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reports the agreement criteria and the gqualifying calculations. Because of
the volume of data reported, references, figuresvand tables are numbered by

section (with section number prefixes) and are piaced at the end of the indi-
vidual sections. ' ‘

Mr. Stephen S. Tompkins of the Materials Division, Langley Research
Center, Hampton, Virginia, was the technical representative for this project.

REFERENCES

1-1 Swann, Robert T., and Pittman, Claud M.: Numerical Analysis of the
Transient Response of Advanced Thermal Protection Systems for Atmos-
pheric Entry. NASA TN D-1370, July 1962,

L2 Swann, Robert T., Pittman, Claud M., and Smith, J. C.: One-Dimensional
Numerical Analysis of the Transient Response of Thermal Protection Sys-
tems.  NASA TN D-2976, September 1965.
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SECTION 2

MATERIAL PROPERTIES

Subtask I.1l of the program involved the collection of material proper-

ties data on three materials, defined as follows:

® Low density nylon phenolic; composition by mass of. about 23 o
37 percent phenolic (phenol formaldehyde) resin, 22 o 27 percent
hollow phenolic microspheres (or Microballoons), 40 to 60 pesrcent

o o

nylon (cloth orvpowder); nominal virgin density about 38 1b/ft’

@ Low density silicone elastomer; composition by mass of aboul 72 to

78 percent silicone elastomer (polydimethyl siloxane or pol

phenyl/dimethyl siloxane), 12 to 16 percent hollow silics micro-
spheres, 8 to 12 percent hollow phenolic microspheres  {(or Micro<

balloons), nominal virgin density about 34 to 40 1lb/ft°®

® Apollo heat shield material, commercially designated Avcoat 5076«

39-HC/G; principally epoxy novolac with phenolic micros

with silica fibers added, gunned into phenolic/fiberglass honey-
comb; nominal density 32 lb/ft?

Properties to be covered included those proverties required as

to the CHAP code: virgin and char densities, pyrolysis kinetics, therm
ductivity, specific heat, emittance, heat of combustion (or equivalent thermo-
chemical information), heat of pyrolysis (or equivalent heat of formaticn in-

formation), and the specific heat of the pyrolysis gases.

The following subsections summarize the data obtained. For eact

rial, a descriptive summary table identifies the sources of all data

It should be noted that with few exceptions only measured property dats

considered; inferential properties (such as properties "backed out”

ablation test data with charring ablator computer codes) were not coll

A subsidiary summary table for each property lists in some detail +h

o

tenpara-

ture range considered by each of the measurements, the material
in each case, the method employed, and the reported accuracy of the heasure-
ments (usually not given). The tables also give an estimate of the overall

e

accuracy of the data. This estimate was arrived at in each case by conside:
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® The reported random error of the measurement technique and/or

o apparatus
@ The observed randomness in the reported data

@ The scatter in the data for different material specimens or

samples
@ Any anticipated bias in the data

These estimates are of necessity somewhat crude; they do provide, however, a

useful idea of the approximate nature of the data.

The actual data are presented in graphs and tabulations. In most cases,
the amounts of data points are sufficient to have allowed the original reporters
to draw a line of "best interpretation"; in such cases it is this line which
is reported, and not the original test data.

2.1 LOW-DENSITY NYLON PHENOLIC

The low density nylon phenolic considered here has been very thoroughly
studied., The tables, graphs, and tabulations of this section summarize the
data extracted from the literature. Table 2-1 summarizes pertinent information

about the data sources for nylon-phenolic.

2.L.1 Thermal Conductivity

Table 2~2 summarizes the thermal conductivity source of information.
Table 2-3 summarizes the virgin material thermal conductivity as a function of

temperature; the same data is shown in Figure 2-1.

Table 2-4 and Figure 2-2 present the char conductivity as a function
of temperature. The reported data cover a very wide range, indicating that
char conductivity is a function of other parameters besides temperature. Vari-

ous additional correlating parameters have been suggested:

@ The "charring” or "pre-char" temperature, i.e., the highest tempera-

ture which the specimen has ever reached

@ The lencth of time the specimen was exposed tothis charring

temperature

© The charring heating rate, or temperature rise rate during the
charring process (which controls theporesize and other mechanical

features of the char)

@ The ambient pressure and atmosphere



These suggested correlating parameters are intended to clarify in some unssful
way the presentation of thermal conductivity data which are, in: fact; funciions
of the entire previous history of the specimen. At the present time oniy at-
tempts to correlate in terms of the first additional variable abave could be
tried, since data on the others are sparse and often not reported. One might

hope to construct a plot with a form like the one shown in the Ffollowing sketch:

The data of Figure 2-2 do not allow the construction of an orderly picture of

this type, however.

The major part of the pyrolysis of nylon phenolic occurs heétween
1100°R and 1400°R. Thermal conductivity data for this temperature domain
(except for materials pre-charred at a much higher temperature) are migsing.
This lack of data leaves open the interesting question of conductivity values
for the pyrolysis zone of partially degraded material. Reference 2-5 ¢ontains
some data for partially-pyrolyzed high density nylon phenolic which indicates
that the conductivity for such material may be lower than the virgin valuss by

substantial amounts.

2.1.2 Specific Heat

Table 2-5 summarizes the source information for specific heat measure-
ments. Figure 2-3 shows the virgin material specific heat for temperatures
up to a little over 1200°R. Appreciable pyrolysis of this mateérial bégins at

about this temperature. These data are tabulated in Table 2-4.




Table 2-7 and Figure 2-4 present the char specific heat for low density
nylon phenolic. The data show good consistency since the char is very nearly
pure carbon: the complexities affecting the thermal conductivity data are

largely irrelevant in this case..

2,103 Emittance

Table 2~8 summarizes the emittance source data for nylon phenolic. Table
2~%. and Figure 2-5 present the available emittance data for the chars of low
density nylon-phenolic. Reported values at a given temperature vary; at 2850°R
for example the values range from 0.60 to 0.93, a substantial variation. Dif-

ferences in reported emittance presumably stem from
® The different surface appearances caused by different heating rates

@ Surface coatings formed of compounds of trace species existing in

the virgin material

The depression in the emittance values of Reference 2-1 in the domain 3000°R

to 4000°R is believed due to this latter possibility.

2.1.4 Pyrolysis Kinetics

References 2-5 and 2-11 present pyrolysis kinetic data in reduced form,
ags derived from thermogravimetric laboratory data. In the case of Reference

2~5 the reduced data are presented as the constants in an equation of the

form
n,
dpl P prl 1
d____.v. e — kf.po, p (2"'1)
i 7i 0.
i
where
-E,/RT
kf' = ko.e (2-2)
i i

where the i index identifies a specific reaction from the TGA data (which may
or may not be readily associated with any specifically identifiable pyrolysis
mechamism); and the subscripts o and r identify original (virgin) and residual
{chay) states. Reference 2-5 reports the following values for the kinetic con-

stants in Bguation (2-1):



i l k E./R n o B
Oi 1 Oi o £l
a (sec™ ) (°R) (lb/£t*) (Ib/£t ) |
Nylon | 1.85 x 10'° 47,100 | 1.0 71.0 0
Phenolic (1) ' 1.40 x 10* 15,400 | 3.0 20.25 0
| Phenolic (2) | 4.48 x 10° 36,800 | 3.0 60.75 40.5
P J—_— i —— [P I —— i

Nylon phenolic

be written

o= T(pl + 02) + (1

= F)DN

where 1 and 2 denote the two phenolic guantities and N denotes nylon,

the volume fraction of resin in the composite.*

anits 1bi/ft3 resin, and pg has the units (lbs nylon)/ (ft®nylon).

Nelson

(Ref.

2-11) presents reduced TGA data for nylon and for some ol

nolic resins of interest, all based on the pyrolysis rate equations

anc b

is a composite of nylon and phenolic; the material density nsy

Note that Py and 05 have the

phenolics tested had pyrolysis curves best fitted by a three-component mods.

two cases.

{
! Material
|

{

| Phenolic I

(Union Carbide

“"Bakelite" phe-
nolic resin

BRP-5549

Phenolic II
(Union Carbide
BJO-0930
mlcrospheres)

' Phenolic III
| (Evercoat Chemi-
, cal llquld cast~
.lng resin

EC 251)

|
&Nylon
E(DuPont Zytel
flO3 powder)

The following table summarizes the Nelson results

-

| !
Reaction ko 3
No. i 1 1
- Mwsec"l i
1 5.17 x 10°
2 2.50 x 10° !

3 2.17 x 107
|
1 ©2.17 x 10° |
2 . 9.67 x 10° |
3 ' 1.30 x 10'°

. gv”.4,mmv Ny

1 L 2.17 x 10% |

2 | 3.33 x 10°
; |
s |
! ~

l 8.33 x 10"

|

*The resin mass fraction is, in terms of [', y =

(

2-5

Oi ‘
E;/R Dol g |
| Qreg i ‘A
or !
S U S
24,865 | 3.0 0:052
21,838 | 1.3 0.068 | |
30,270 | 3.1 0.880 |
S PR— B .
15,135 | 2.0 ~ 0.097 | 0
26,378 | 3.0 = 0.165 . © l
37,189 | 3.0 ' 0.738 6.558 !
SRS DO NS ILT .
9,730 | 2.0 | 0.105 |
17,946 | 2.0 0.895 0.453 |
) !
; .
50,162 | 1.0  1.000 0.070 |

i

T(Dl + P2 )
%

p




Farmer in Reference 2~12 presents rate constants for a variety of phenolic
materials; these constants are based, however, on a single component pyrolysis

rate eguation slightly different from Equation (2-1) above

n-1 n
0

[
P _ O r
de f¥o [po pr} 0

Q.

Farmer's values for kf should be multiplied by the factor [(po - pr)/po]nhl to

obtain k. values for comparison to values from References 2-5 and 2-11.

£
We do not tabulate Farmer's data here since the phenolics used are not
exactly the phenolics used in the materials of interest in this program. The

report does provide, however, much background data of general interest.

Data based on either of the two pyrolysis equations (2-1) and (2-4) are
not directly useful as CHAP code input, since the computer program pyrolysis
calculation is based on the "reaction plane " approximation that the total pyroly-

gis rate in the material is given by

. ~B/7T,

m_ = Ae 2-5

s (2-5)
where Tp is the temperature at the current location of the pyrolysis plane,
Appendix A-describes how the reported data can be related to the constants

reguired for CHAP input.

2,1,5 Heats of Formation or Heat of Pyrolysis

The heat of pyrolysis for a nylon phenolic (60% resin, 40% nylon) has
been reported in Reference 2-20 as 200 * 20 Btu/lb. Heat of combustion infor-

mation was used to compute the following heats of formation at 25°C:

AHf = -959 Btu/lb
nylon 6-6

AH = -823 Btu/lb
phenolic
resin

Various measured pyrolysis gas compositions were verified by using these heats
of ‘formation to compute a heat of pyrolysis which compared well with the re~
ported value cited above. Appendix G of Reference 2-20 lists the final recom~
mended composition; the inferred heat of formation for this "best estimate®

pyrolysis gas was not reported, however.
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2.1.6 Specific Heat of Pyrolysis Gas

Using the "best estimate" pyrolysis gas composition obtained in the man-
ner described in Section 2.1.5 above, Reference 2-20 reports frozen and sguilib-
rium specific heats for the pyrolysis gas. These are plotted in Figure 2Z-6 and
tabulated in Table 2-10.

2.1.7 BSurface Oxidation Kinetics

The basic thermochemical ablation model of the CHAP code isg one of cag-

bon oxidation. At low temperatures, the oxidation rate is controiled by chemis~

cal kinetic factors, represented in the code by the relation

-B, /T
o k! Tw
m, = Ake (

n (7w
C,P,) {2-6)
The user must specify as input the pre-exponential factor Ay the activation
energy Bk’ and the reaction order n.

The literature search did not discover any experimental work specifically

aimed at guantifying the oxidation kinetic constants for nylon phenolic chars.

Many experiments have of course been done on carbon oxidation kinetics, hut
since these are observed to depend strongly on the physical state of the sur-
face and on small amounts of impurities in the carbon, it is not felt that the
resulting data are particularly relevant to chars. For reference purposes, it

is customary to use "Scala fast"” kinetics (Reference 1-2), which are

n = 1/2
i

A = 6.73 x 10° 1b/ft’sec atm’

B, = 39,872°R
An alternative set of "slower constants suggested in the contract work . state-
ment is

n = 1

Ak = 1 x 1010 lb/ftzsec~atm

B, = 76,500°R

The CHAP code surface oxidation formulation of Reference 1-Z :also intro-
duces a constant A representing the mass of char removed per mass of oxygen re=
acting at the surface. For a carbon char such as that of nylon phenolic, i =
0.75, representing the ratio of the molecular weight of carbon to that of oxygen.

For very high temperatures, sublimation is an important mechanism of car-
bon removal. It is modeled in the CHAP code with an exponential law reguiring
input constants. The cases of interest in the current study all fall below sub-

limation temperatures; hence the literature review did not cover sublimation.




2.2 CAVCOAT 5026-39-HC/G

The material designated Avcoat 5026-39 is a phenolic novolac reinforced
with silica fibers and lightened with phenolic Microballoons. The manufacturer
regards the exact composition of this material as proprietary information.

When used as the Apollo heat shield material, the composition is hand-filled

into the cells of a low density phenolic glass hexagonal honeycomb (HC) with

an injection gun (G). Despite the important practical use of this material,
property data are relatively scarce, particularly at high temperatures.* Further-
more, most existing data are obtainable only from informal reports published
during periods of compressed schedules during the Apollo development program;
consequently, much supporting detail has not beenincluded in the reports.

Table Z~11 presents the data source summary information for Avcoat. Spe-

cific properties are discussed in the following subsections.

2.2:.1 “Thermal Conductivity

Table 2-12 summarizes the thermal conductivity source information for
Avecoat, Flgure 2-7 shows virgin material thermal conductivity up to 1400°R.
Appreciable decomposition of Avcoat begins at about 1000°R; decomposition is
nearly complete at 1400°R. Table 2-13 lists these virgin material conductivity
data.,

Table 2-14 and Figure 2-8 present Avcoat char thermal conductivity as a

function of temperature. The data are sparse and scattered.

2.2.2 Specific Heat

Table 2-15 lists the summary data source information for Avcoat specific
heat. Figure 2~9 shows specific heat data for both virgin material and a num-
ber -of oven pre-chars for various charring temperatures, as well as some flight
core data., The data show a good decreasing parametric trend of Cp(T) curve~

locgation with pre-char temperature. Table 2-16 lists these data.

2.2.3 Emittance

Table 2~17 presents the data source summary for Avcoat emittance. Table
2=18 ‘and Figure 2~10 present the emittance data for Avcoat chars and one virgin

sampile charred during the test.

*Apol&o program reports (Refs. 2-21 - 2-24) were mostly concerned with flight
“core studies and basic ablation mechanism studies, with property value deter~
mination not having a central role. This emphasis resulted from an obvious
priority assignment: the material response needed to be clarified before im-
proved degign computing procedures could be used.



2.2.4 Pyrolysis Kinetics

Reference 2-24 lists reduced TGA data for Avcoat 5026-39-HC/G, based
on a single component model. These data are apparently based on Equation 2-1,

although the discussion is unclear on this point. The data presented are as

follows:
1 Test k ; E/R n
.. (o]

; No. -

& (sec (°R)

} T222 .518 x 10° .161 x 10° 1.7 |
{

! T223 .232 x 10° .151 x 10° 1.7 |

‘ 7224 .405 x 10° .140 x 10° 1.7

' 225 .258 x 10° | .181 x 10° 2.0

i T222/4 | .667 x 107 .219 x 10° 2.1

i 1488 .786 x 10° .143 x 10° | 2.0

{ c2/14 .493 x 10° .299 x 10° | 3.0

. R . . . . - - LI — O SO

This data reduction apparently encompasses all worthwhile data collected previ-
ous to 1969, specifically including the unreduced TGA data reported in Reference
2-23.

2.2.5 Heats of Formation or Heat of Pyrolysis

No reduced heat of formation data were discovered. References 2-21 and
2-23 present some bomb calorimeter heat of combustion data, but these values may
be influenced to an undetermined extent by reacticns between silica and carbon

in the char. PFigure 2-11 shows these data.

No heat of pyrolysis data are reported in the literature.

2.2.6 Specific Heat of Pyrolysis Gas

The literature has no data on the pyrolysis gas of Avcoat 5026-39.

2.2.7 Surface Oxidation Kinetics

The general thermochemical ablation model of CHAP is discussed in Sec-
tion 2.1.7. As was the case with nylon phenolic, no specific data covering the
oxidation kinetics of Avcoat 5026-39-HC/G were discovered. The fast kinetics

of Section 2.1.7 will be used for the initial Task II calculations.

In the case of Avcoat the quantity ) (the amount of char removed per lb

of oxygen reacting at the surface) is twice the value for pure carbon since




half the Aveceat char is silica, and it is assumed that as carbon is removed by
oxidation, a corresponding amount of silica flows away from the surface in con-
densed form. Thus A = 2.x 0.75 =.1.5.

The ablation literature for Avcoat does not include a data analysis of

sufficient extent to clarify whether this oxidation model will be an adeguate
representation,

2.3 SILICONE ELASTOMER

The silicone elastomer to be considered during this program is described
in-the Introduction to Section 2. Appropriate silicone elastomers for the
material considered can vary in chemical make-up between polydimethyl siloxane

and polymethylphenyl siloxane, which are illustrated in the following sketch:

?HB TH3 CH3
CH3 - Ti -0 - Ti e - Ti - CH3
CH, LCH3 CH,
b4
Polydimethyl Siloxane Structure
?HB ?H3 THB ?H3
CH, - 81 - 0 - S5i - 0O - Si - O ~ 8i -~ CH
S | | | °
CH3 CH3 C6H5 CH3

Methylphenyl and Dimethylpolysiloxane copolymer

Usually the specific material featured in a data report will be specified only
by the manufacturer's resin identification number. In most cases these are
described simply as a dimethyl/methylphenyl product; the exact composition is
not reported and indeed in most cases is not known. The data tabulations pre-
sented belowkidentify the material in each case with all descriptions reported

originally. Table 2-19 lists the general data source information.

2.3.1 Thermal Conductivity

Table 2-20 identifies the thermal conductivity source information for the
silicone elastomers of interest here. Only virgin material conductivity data

are reported in the literature. These are presented in Table 2-21 and Fig-
ure 2=-12.



2.3.2 Specific Heat

Table 2-22 describes the specific heat data sources. Table 2-23 and
Figure 2-13 give the Cp data uncovered for the filled silicone elastomer mate-
rial. The data are sparse but agree fairly well if one low temperature point

is neglected.

2.3.3 Emittance

Only one emittance data point is presented in the literature. Pope (Ref.
2-15) measured € equal to 0.71 + 0.05 over the range 1750 K° (3150°R)} to 2200°K
(3960°R) for an arc heated char. Tables 2-8 and 2-17 contain descriptions of
Pope's experimental method.

2.3.4 Pyrolysis Kinetics

The only reduced TGA data reported are by Nelson (Ref. 2-1l1}. For Gen-
eral Electric RTV-602 dimethyl polysiloxane, Nelson gives the following single
component values:

3
kO | E/R n pr/po
v““(sec-l) v (°R)
l 5.33 x 10*° 39,135 1.0 o 0.040

Nelson also reports constants for the phenolic microspheres used with the slas~
tomer compound of interest here; these data were listed under the identification
"Phenolic II" in Section 2.1.4 ahove.

Potentially useful unreduced TGA curves were presented in Refersnces
2-25, 2-26, and 2-28. These are reproduced in Figures 2-14 through 2-17. WNote
that the material of Figure 2-14 is a filled composite of the type of interest

here; the other figures are for silicone resins only.

2.3.5 Heats of Formation or Heat of Pyrolysis

No information of this type is available in the literature.

2.3.6 Specific Heat of Pyrolysis Gas

No information on the pyrolysis gas specific heat appears in the litera-
ture. The pyrolysis of silicone resins is a subject of some conjecture.




2.3.7 SBurface Oxidation Kinetics and Melting

The general thermochemical ablation model of CHAP is discussed in Sec~
tion -2.1.7. Ag was the case of nylon phenolic and Avcoat 5026-39~HC/G, no spe-
cific data covering the oxidation kinetics of the silicone elastomer material
were discovered. The fast kinetics of Section 2.1.7 will be used for the ini-

tial Task II calculations.

The gquantity A (the amount of char removed per 1lb of oxygen reacting at
the surface) is not well defined for this material. The contract gives a value
of «k =:0,1 which is from earlier unpublished data correlation studies conducted

by “the NASA Langley Research Center.

The chars of the silicone elastomer materials appear to show melting at
higher temperatures. The current version of the CHAP code does not include the
fixed melt temperature option available in earlier versions of the code. In-
stead, melting must be simulated by an appropriate choice of sublimation con-
stants. ~The literature to date contains no complete study which would verify
the adeguacy o0f such a model. Unpublished data correlation studies by the NASA
Langley Research Center suggest melting at about 3800°R.
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TABLE 2-7

SPECIFIC HEAT VS TEMPERATURE - LOW DENSITY NYLON PHENOLIC C

Units: Btu/1b°R

Reference 21 2-2 2.5 5.7

Material
(Resin/Balloons/ 25/25/50 25/35/40 50/50 4
Nylon)

Temp ( R)

500 R 6.150 0.100
750 0.233 G.d87
1000 0.260 0.304 0,268
1250 0.332 0.3¢62 . 335

1500 0.406 0.395 0.413 o

1750 0.469 0.446 0.459 0.458

2000 0.503 0.478 0.494 0.484

2250 0.516 ; 0.502 0.524 i 0497

2500 0.520 ' 0.517 0.548 0.500

2750 0.528 0.568 |

3000 0.531 0.583

3250 0.536 0.596
3500 L 0.540 0.606

3750 | ! 0.542 0.614

4000 | 0.546 0.620
4250 : g 0.548 0.624
4500 | ; 0.552 0.626
4750 j 0.555 0.628 ;
5000 : 0.558 0.628 |

5250 ' i 0.561

5500 , 0.565
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TABLE 2-9

EMITTANCE - LOW DENSITY NYLON PHENOLIC CHARS

5225

et

e

Reference 2-1 2-2 2-5 2-15 2-15 2-16 |
Temp (°R)

2000 0.852 0.792

2250 0.872 0.818 |

2500 0.883 0.840 0.600 |

2750 0.924 0.857

2900 0.931 0.865

3000 0.927 0.870

3100 0.911 0.874 i

3250 0.876 0.878 |

3500 0.775 0.880  0.670 0.660

3650 0.716 0.878 |

3750 0.711 0.874

3850 0.759 0.870 i \

4000 0.837 0.858 | 0.616

4100 0.866 0.850 E 0.632 | 0.670 ;

4200 0.883 ! 0.837 i 0.650 é

4300 0.893 i 0.825 % 0.666 0.660

4500 0.900 { 0.791 |  0.700




TABLE 2-10
COMPUTED SPECIFIC HEAT OF "BEST ESTIMATE" PYROLYSIS
OF LOW DENSITY NYLON PHENOLIC
(40% Nylon, 60% Phenolic Resin)

Reference - 2-20

| Tempégéture Frozen Equilibrium
(°R) (Btu/1b°R) (Btu/1b°R)

-200 0.450 0.483
0 0. 547 0.552
250 0.615 0.670
| 500 0.680 . 0.772
2 750 | 0.746 | 0.862
| 1000 0.803 | 0.921
| 1250 . 0.862 1 0.962
1500 ' 0.907 1 0.987
1750 0.940 ‘ 1.006
| 2000 . 0.960 ; 1.018

2250 | 0.978 3 1.027

| 1.035 }

2500 i 0.997
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TABLE 2-18

EMITTANCE VS TEMPERATURE
AVCOAT 5026-39--HC/G

Reference 2-15 2-16 2~23 2-23
Charvred
During 2460°R
Test Char
WMM%gﬁP_,,;Wwwmwwmﬁ_ p. . EEE
650 0.828
700 0.960 0.822
750 0.943 0.814
1000 0.863 0.778
1075 0.841 0.7e7
1250 0.743
1500 : E 0.708
1750 | ? G.673
2000 ! § 0.638
2250 % 0.603
2450 | 0.574
3400 0.630 § §
3750 ;
4000 | |
4300 £ 0.630 i g
5400 : 0.720 |




BABRATIGUL YOINBREE UiedInos =

Lo

SPTEIANT WO e 30
5

YR ER T

o o3 o BUELIOT RS g
BRUOHT
=GP BRTqIed ﬁO.WGD TR Srrodaya
HYusRITy BuluIon nog -
G565 80 Butusby aog w
ZEFE
BUEY =G-HE BUTeron Mo -
[A2:34
=Geyy BUTHICD Mog w
fzeeT BUCOSTTIE
4 - ut
o3 uRetay §59~LAM ID tAy3su-gAuayg
) on U SIAIND a 33/G1 vrzy (1Au3eu &uos
oN ON o ¥DL paonpaxun £ =¥P} ST9-LAY IO =¥I¥e jAuzsw E14 SRR BRUGYL
¥3ep ¥HI poonpsy 4 0t 60 suoot
on on on ol Jjusuodwos 331yl 4 30 578" on ~QLg 9pIgIr) uotup -i8q DyIoUsY4d
R 2ULXOTYS
®ILD YO DBOINDAI g asi{e3RD $0-D4S A9 -&kyod 1iyzsu
oRr on OR oN jusuoduiod sybure d ya po* on YITH Z09-ALY¥ 3D -~¥p {9UODITTS 11 b B ARA H-3 1Y
JaWOY
-8RT3 SUODTITS
pauoTy pusiq a1d
No00ZZ ~usw jou quoolauoy —and partripow
©3 ¥u0SLT oN oxn oN on oN on Jo @sn ‘7 ‘39§ sy Laybuey ysyn ST ~g-y ‘odog
BOBI YI®D yded 3w
1000 03 3Iede 3nd quoolauocy
. . o a saoqe 209 sseib orrousyd yarm s-a/8
oN 45005 03 3,001 35002~ woxy D ON | ¥SYN ®as 3nq ‘oy o £33/41 S76£| ING ‘709 VSUN se ouweg ~9~Z09 ¥YSVN
suooTTeq aryouayd 3071
quoakauoy soxayds eOTTTIS 94T
sserh ovyouayd {3a9)
3,06€ 03 |AIND YOL SS3T ¢33/91 UTSSI BUODTITS
o oN d4,0pZ- wo13 4 ON | peonpaiun arbuls on $"6€ ©3 v 9c{ TAYISWIP 209 ALT 8SL 209 ¥SYN
-
quod | sugorTeq orrousyd o1
~Kauoy ssetbh sorayds eOTTIS %41
.6 03 2f1ousyd ssar uIs8I 7Y paeb
oN- oN 4,052~ Sox3 y on oN oRr ¢33/91 vr6e| -14s butuzod moa %S BT VSYR [14 ‘KD ‘ueieg
R €33/91 1°t¢ puatg oydang
on 2,020 03 3,001 onr oN oN L pu® 6°'9¢ uaayh 308 Aa1bueq vSUN 1z “3'W ‘3euyr
L31suep 33
/41 s°t 30 quookahoy quoo
u¥/1 190Xy ssetrbh ~Xauoy uy uysax
(xed1au) (xedyaw) ~aYyouayd uy poppaq BUODTTIS POITTY
oN 4,004 03 2,002~ 4,008 ©3 4,002~ on oN oN ¢¥3/at 871y -ur Cyeiasjew apeg Aotbue vsyy
«(O0) suool
~Teq otTouayd 4§
saxayds R
BOI{TS sbuy
-um) 3 wosiowi $pl
3s&t
. - -e3ed 78T prebTis 3z utsaz
(rvos 5 xedrsn) ¥ (1908} : uTsex zgy paeb BUCDTTTIS PATIT]
oft d,08L ©3 d,067~ 2,008 03 3,002~ oR oN oy ¢33/41 0% | ~148 Butuiop moq soL Kotbueq vsvn 1 812D "y ‘uOSYTH
. Kl a SDY38 LT o d ﬁaﬂumﬁuommﬂ UOTILDTIITIUSPY ~ZTON | UOT3LOTIITIUaAp]Y
3 b 2 I0 Yy uv m.mm.h.no.u\n& a [ TeTIODjEY TeriojepR * 38y aousrajay

IWOLSYTH HNODITIS ddTITA
SHDYN0S ¥ILVA ALdHJO¥d

6T—-¢ HTIdY.L




9INITISUI YDILSSVE UISBYINOS = 1§05
VPIQIRY UOTUN = DI
. L3
¢¥/at sy =d 2
33/491 68 = ¢ *q i
£ quosksucy §*5-z1
¢33/at 9z = 9J e ~30-%/T~quy Tooxay oTA3DETI
u.ath 308 PaqTIOssp 30N 2161 paqrIossp 30K utbatp UT S°7I9S QOO0T~-WSI o7I8WO3SETT ;Y4 {exauag
B ) Cle) 31
sqets 1T®2 yoes 3v 3aede
»I9383W 3Py, usomlIaqg 300 quosloucy
poyotApues uawutosds ssefb orrousyd uv
Wb/T X 4S°T X ,5°C suooyieq otjoueyd 307
‘000T~01 jusumajsuy 13/ saxayds eoTITS $GT
33049y K3rAT30npPUOD TRwaBYT a g¥3/qt utrsax zgl paed $~0/H
adaooy S ¥ saT3RIRdwod yosivuldq 4,005 3 4,007 | PeqTIISOP 30N § 6 = d ‘urbarp -&5 Butuzo) MOQ $SL ~9-709 VS¥N SZ. <CHTO 'uelog
) ¢33/t
susutoads q ,29°p e w:u muw\nﬂ puatg ordang
% ¥ uaaTh 308 ‘a3etd j0y popiens HLSY 45,0287 0. ,S0T | PaqTX0S9p 308 - 6°9€ = ¢ ‘utbatp usaATh 30N KotbueT YSYN 1z *E°W ‘3euyr
STI®0
ybnoxysy moty 3eoy
8S ¥ uaath 30N - 3,269 ©3 3,881~ ‘quosdsuoy uy utbata ‘o
Moty
Jesy yits paubrie
UOYIOBITP TTe0
ssoxo Azewtrad Tayso
3 ¥ usath jJoN " 3,289 03 J,ELT- ‘quodAsuoy uy utbaty *p
g ¢33/41
8°Ty = "¢ ‘mor3
* jeay Y3jwm paubire quod
UOT3DBXIP 1192 -Kouoy ut ursax
{(a1edyon) susuioads , T X s§50x5 Axewtad oauo QUOBTITS PaTTIT3
3 ¥ uaath 30N 4o .1 ‘MoT133n0 teIpey 3,699 ©3 honna: PaqTaosap JON |‘quoofsuoy ut uthata o Astbuey vsyN
) » (0N}
suocoyteq UMHOEQS& %6
soxayds wOTITIS
+{Iyos) usutoads butumng 3 uosaswy $pT
0T ¥ usath JON d.€ @3e7d 30y pspaenn d,8ZL 03 J,E6Z~ °q 3Isht
N d -e3ed 781 Uummﬂ>m 3L urssx
(1ed1en) susuroeds ,1 x muu\na 0y = ¢ uTsox zgr paed BUODTTTS poIIT3
30T 7 uaaTh 30 Q0 LT ‘#MOTIINO TRTPRY | I £69 O3 I 0L6T~ '® | POGTIOSHD 0N Tquoodatoy ou ‘urbatp ~14g Butuiey mog 0L Asybuey VSUN 1 °1®S "W ‘UOSTIN
Aowanooy Aoeanooy POUIBH mucwammmmmmx BUOTRIDUOD uorywavdsaig usTidTanseg UDTITDIFTIUSPT |-z OK UOTITDIITT
PRIRWILSE pe3Indsy TesusuIaedlg 30 sbue BMNORA 5 9338 TEIINIRH TRTIDIEE TRTIDIRY “iey BOUDIN]

aInypIadnRg

GIWOLSYTIE INODITIS gdTITd

S5H0UN0S

0z7-¢ d71g9N4

ALIATLOOANOD JIVWEAHL




i

T
1.

(S}

s
4

z W 9861
| SLL°T . €£8°T  000°%
M LTT°T | L9T°T T 98L°T | 688°T | 0§0°T
| €817 | L9T°¢ “ T | 98T | TI8'T © 190°%
! 95T 2 | 05T°¢ | T 8LL°T | €59°T  TT0'T |
119972 | zeT'z | 0£0°¢ M T ZLL'T | 06S°T  066°T
: €69°1 | 6TT°C | 800°¢ ¢L8°T | 69L°T | 9EG°T  €66°T
| TTS'T | | TTTUZ | 226 T T98°T . €SL°T | 0£S°T | 688°T
919"z | szLeT WATR A | 768°T 0S8°T VLT WPSTT - GL8°T
| | L LT8'T . 6TLTT . 6TO'T | 9G8°T
! , i w !
m | 8LLTT | £99°T | zpLT | ge8°T
| | L ¥69°T | 985°T | 9€8°T | 8LL'T
| w L 8LSTT | SLP T 8T8°T | 689°T
| | 8ZPT | E€€°T  TT9'T | 95S°T
w 9€Z T | 9ST°T | z6e'T | LIP'T
m | LOT'T | 0S2°T
|
| B S | st1®d | st1ed | st1eD | ‘ T
SOX SOR SoX SBA é U™V SS0IDYF SS0IDVY ON ON QEOO%@QOH‘H
S¥ 6€ 9z s'6c | TLe | 6°9¢ | 8Ty | 8°Tv 8- T op 0% (g23/at)
i (11susqg
sz-z | 8z-z | 8¢~z | Sz-z | Tz-z | Tz-z | 1-¢ -2 -2 -2 -2 sousIazey
4, ;3F o9s/mag. 0T :s3tun

HLVLS NIDJYIA -

SYHWOLSYTIH HNODITIS QHETIIJL

T¢-¢ AIIYL

- ALTATIONCANOD TVYWIHHL




aoe3y 1180
- yoes 3e j3rede
Ino quooiauoy

1939
sseth ottousyd ut
~WTIOT® E] !
4,009 03 |uMﬁ wﬁmwwwww:wmaw sucoT1eq oTTousyd §0T1
4,002 ‘3§ ¥ : : 2 soxoyds uUoTTITS %51
o JusunIIsur jesy 33/91
d_00b 03 oyzTo9ds snonuijuc) gt utsex ggY paeb S e e
110do1 3dasoy mooomm ‘87 T sTavwOANY YoejEUAQ 4,007 03 4,00Z~; §°6E = ¢ ‘urbara ~{As buturop Mod $GL| ~9/H-D-Z09 VSWN ST W'D ‘ueiog
(1¥os) saquo uysax
+P/€ ‘3uswsansesu 13/91 :
xaamnucw (Ie3auts o = mam.camua awe mcowwawmmvwﬁﬂmm
30T % usATh 308 —otes doap Aig 45094 0% I, £TE~ oy = thata s 1 1/4s
. d
33/4T 8°1y = O
~>umm:on 33/91 s°¢ quod
30 qwodAauoy ,b/T ~ABtUoy UT uisex
{soxoy ‘ssetb O DUOOTTIS POTTTI
%07 ¥ u3atTh joN sweg 4,E9L 03 35202~ -ouayd uy-uthbatp *q sweg Ko1bueT/YSYN
{on)
suoofteq ottousud 6
. poxoyds evoTITs -
(xedrsy) sbhutung 8§ uosiawg {pY
o1 ¥ a,2/7 21d 38k1
_-Wes ‘jusweansesaw 13/91 ~-e3e0 78T paebiss gL utses
Adieyjuas ‘zeojouta a t 3 u1e9x zg1 paeh QUODTTTS PSTTIZ
50T ¥ usath 30N -0TBRD 801 uesung do¥SL 03 J,E02- oy = ¢ ‘utbxta e ~TAS Butuaop moG $0L KatbueT/VSYN T JTEY *Y¥ TUOSTIM
Aoeanooy Koeanooy poyasi mn:MEMMMwmmz uotyexedsigd uotadranseq UcTIeDT3T3U8PT | ~C ON UOT3RDTITIUSPL
panewt} sy pajaodey Tejuswuyradxy mw:umummsma % 23035 TRTIOIUH fetasjey TeTIaleR * 384 ERUERER L

THWOLEVTH HNODITIS gdTIrd
SHOMO0S LYHH DIAIDHAS




TABLE 2-23

SPECIFIC HEAT VS TEMPERATURE - FILLED SILICONE FLASTOMER
3 10% Phenclic

o = 40 1lb/ft~, Nominal Composition 15% Silica
75% Silicon

Units: Btu/1b°R

j Reference § 2~1 ; 2-1 2-1

%— Tex‘;@ V' (O R) ) ‘T - | } o

| 260 f 0.283 ? 0.282  0.201 ? 0.165
300 . 0.204 | 0.204 0.241 0.212
250 C0.309 0.309 0.282 0.:
400 0.323 0.323 0.311 ). 43
410 0.326 0.226 0.316 ), 45
420 0.329 0.329 0.321 0
430 0.321 0.331 0.326 0.76
435 0.333 0.333 0.328 0
440 0.334 0.334 0.330 0.540
445 0.335 0.335 0.332 1.3

: 450 0.336 0.336 0.234 0
160 0.338 0.338 0.337 «
500 0.349 0.249 0.350 0
550 0.250 ). 280 0.363

; 600 0.372 0.372 0.372

| 700 0.388 0.338 0.382 0.406
800 0.401 0.401 0.384 ). 40
860 0.409 0.409 0.41
900 0.413 0.41%

5 1000  0.423 0.423

| 1100 0.432 0.422

1200 ©0.437 - 0.437

1220 0.437  0.437 0.384
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SECTION 3

ABLATION TEST DATA COMPILATION

3.1  DATA PRESENTATION

Ablation test data have been compiled from available literature for the 3
heat shield materials: low density phenolic nylon, low density silicone
elastomer, and Apollo heat shield material (Avcoat 5026-39HC/G)., The data
fall in the following range of test conditions:

e stagn;tion pressure < 1.0 atm.

) stagnatipn point heating rate = 10 to. 600 Btu/ftzsec.
e test stream total enthalpy = 2,000 to 20,000 Btu/lbm.
e stréam‘oxygen mass fraction = 0 to 0.23

Tables 3-1 through 3-3 present the tesf data for nylon phenolic, silicone
elastomer and Avcoat 5026-39~HC/G, respectively. The tabulations include: the
test facility, report referenced, material composition, model geometry, total
enthalpy, stagnation point heat flﬁx, stagnation pressure, oxygen mass fraction,
run time, surface recession, final char thickness and char density (if given).
In addition the test measurement techniques are outlined, indicating the type
of enthalpy measurement used, the calorimeter used, the pyrometer. or radiometer
employed and the number of published temperature points. Relative to tempera~
ture measurement, Tables 3-4 through 3~6 present the histories of internal and
surface temperatures for the tests on nylon phenolic,‘silicone‘elastomerg and
Apollo heat shield material, respectively.

Space did not permit listing the type of stagnation pressure trans-
ducers that were employed for each test calibration. However, good accuracy
is the rule in pressure measurements by pitot probe or strain guage trans-
ducer, so the specific method used is of minor importance;

Figures 3-},3-2 & 3-3 present plots of the tabulated test conditions in
terms of cold wall heat flux and stagnation pressure,with enthalpy listed.
Unfortunately test results were not available that match the space shuttle
environment, namely, heating rates of 50 Btu/ftzsec and less at an enthalpy of
10,000 to 15,000 Btu/lbm with a total pressure of 0.l atmosphere. - However
the shuttle .condition is reasonably well bounded by available data so that
conclusions on the applicability of CHAP to shuttle analysis should be possible.

3-1




The specified limitations on material composition and on test environ-
ment conditions were strictly maintained., It was desirable, but not made an
absolute requirement, that internal and surface temperature measurements were
included in the published data. 1In cases where internal temperatures were
not published, the data are included in Tables 3~1, 3-2 & 3-3if the test condi-
tion provides information in the test environment matrix not covered by
instrumented models. In some cases, data without temperatures is included
where the test condition is the same as for instrumented models but the run
time is shorter, thus reducing the computer cost. As an added benefit in such
cases a cross check on recession data is obtained.

The longest run times recorded (up to 10 minutes) appeared in Reference3-7'
for a series of duct flow tests on Apollo heat shield material performed by
Boeing (Table 3-3). The long runs make computer simulation prohibitively ex-
pensive and this data probably will not be used in the CHAP evaluation., 1In
addition, uncertainties in heat flux levels were large in those tests because
of the time~varying model surface shape. The recession and char thickness
information data is incomplete in that the locations of the post test material
thickness measurements is not defined in Reference 3-7.

3.2 MEASUREMENT UNCERTAINTIES

Although thermocouple data contributesignificantly to test results,' ,
uncertainties in the measurement of temperature are inherent but difficult to
assess, Heat leak errors are the primary concern in internal and backface
temperature measurements. Frequently backface temperatures are employed in
testing to evaluate relative response times of various heat shield candidates,
The measurement is made with an instrumented copper plate bonded to the back-
face of the model. The resulting measurement will differ from the true back-
face temperature by a magnitude that depends on the temperature level, the
type of bonding, the relative thermal masses of the instrumented plate and the
model, and potential heat leak paths away from the plate. The documented
data areusually not complete enough to evaluate the error. Therefore the planned
approach in the analytical studies will be to assume the "backface" and in-
depth temperatures are accurate. Then, if discrepancies develop between
analysis and test data as the study proceeds; an assessment of temperature
uncertainties will be considered. '

The data from sources such as the round-robin ablation series
{Reference 3-1) in which more than one technique was used to measure enthalpy

and heat flux, points out some of the problems of obtaining accurate calibration



' measurements. Bulk average enthalpy measurements by energy bélance or sonic
flow calculations were generally in good agreement, However, the derivation
of enthalpy from the cold wall heat flux and model stagnation pressure using
the Fay-Riddell equation resulted in a value that tended to be significantly
greater than the bulk value. ' The explanatibn is primarily that the center-
line enthalpy, in the région of the model, was higher than the average enthalpy.
Non~uniformities are more pronounced in some facilities than others as shown
in Reference 3-lwith plotted surveys of heat flux and stagnation pressure
versus radial position. Heat flux enthalpy, if available, is probably prefe-
erable to average enthalpy for ablation analysis with CHAP,

Since stagnation point heat flux is a function of the shape and diameter
of the calorinieter, the primary calorimeter data, where multiple measurements
were made, is from a calorimeter of the same shape as the test model., The
second calorimeter measuremént, if listed, is for a different shape, =ither
hemispherical or flat face with a different diameter, which has been corrected
to the actual model shape. _In Reference 3-1, a comparison of the results of
the SRI 1.25 inch diameter flat face caloriﬁeter in each facility with the
facility calorimeter adjusted to a 1.25 inch diameter flat face indicated &
standard deviation of 13%. The plots of Figures 3-1, 3-2, and 3-3, presenting
‘the test environment points, employ the averaged heat transfer and enthalpy
~values from the tabulated data.

3.3 REJECTED DATA

Flight data is not included in the collected test tabulation for a
number of reasons. A complete description of the local free stream environs
ment (heat flux, pressure and enthalpy) was usually not published, The
environment was complicated by the fact that it was time dependent. Some of
the Apollo heat shield flight data is classified confidential placing
restrictions on the duplicated data that would not be warranted in this

document.

Of the literature surveyed on nylon phenolic, silicone elastomer,. and
Avocat 5026-39-HC/G, a significant number of reports had to be rejected as not
appropriate. The attached reference list includes tpose references that were
discarded and "the reason for rejection. Incomplete data from some of the re-
jected list, such as References 3-~15 and 3-18, is available but it doess not
.provide a unique contribution to the matrix of test conditions and was conse-
quently not included. Reference 3-1 of the applicable list contains numerous
test points that have not been listed only because temperature data was miss~
ing. 1In all other respects, the unused data of Reference 3-1 is more complete
than any of the points in the above-mentioned references from the rejected list.




3~3.

3-8,

3

3

H

10,

1l

SECTION 3 REFERENCES
I. ABLATION TEST SOURCES

P

Heistér,(Nevin K. and Clark, Carroll F,, "Comparative Evaluation of Ablat~
ing Materials in Arc Plasma Jets,” NASA CR-1207, December 1968.

Tompking, Stephen S., "Simulation in Ground-Test Facilities of Ablation
Performance of Charring Ablators. During Atmospheric Entry,” NASA TN-5769,
April 1970.

MeLain, Allen G., Sutton, Kenneth, and Walberg, Gerald D., "Experimental
and Theoretical Investigation of the Ablative Performance of Five Phenolic-
Nylon-Based Materials," NASA TN D-4374, April 1968.

Chapman, Andrew J., "Effect of Weight, Density and Heat Load on Thermal-
Shieldirig Performance: of Phenolic Nylon," NASA TN D-2196, June 1964.

Clark, Ronald K., "Effect of Environmental Parameters on the Performance
of  Low~Density Silicone~Resin and Phenolic-Nylon Ablation Material,"
NASA TW D-2543, January 1965.

Vojvodich, Nick S. and Winkler, Ernest L., "The Influence of Heating Rate
and Test Stream Oxygen Content on the Insulation Efficiency of Charring
Material,” NASA TN D-1889, July 1963. .

Gaudette, R. S., Del Casal, E. P., Crowder, P. A., "Charring Ablation
Performance in Turbulent Flow," Boeing Company Report No. D2-114031-1
Prepared under NASA Contract No. NAS9-6288, September 1967.

$chaefer, John W., Flood, Donald T., Reese, John J. Jr., and Clark,
Kimble J., "Experimental and Analytical Evaluation of the Apollo Thermal
Protection System Under Simulated Reentry Conditions," Aerotherm Final
Report No, 67-16, Prepared under NASA Contract No. NAS9-5430, July 1967.

biaconis, N. S., Metzger, J. W., Florence, D., Kohr, J., Weber, H. E.,
Pater, K., and Warren, W. R., "Experimental and Analytical Study of the
Behavior of Thermal Protection Systems in Convective Heating, Radiative
Heating and Shear Stress Environments," General Electric Co. Report Pre-
pared under NASA Contract No. NAS9-4771, February 1967.

ITI. NONAPPLICABLE SOURCES
(Reason for rejection is given for each)

Moss, James, N. and Howell, William E., "A Study of the Performance of
Low-Density Phenolic-Nylon Ablators,” NASA TN D-5257, June 1969.
Reason: Densities too low (10-20 1b/ft?)

Chapman, Andrew J., "Evaluation of Several Silicone, Phenolic, and Epoxy
Base. Heat~Shield Materials at Various Heat~Transfer Rates and Dynamic
Pressures," NASA TN D-3619, June 1964. Reason: Various: Virgin Mate- ‘
rial reduced to zero thickness; or Pty > 1.4 atm; or temperature histories’

dneconpletes

3-4



3-12.

3-13.

3-14.

3~15.

3-16.

3-17.

3-18.

3-19.

3-20.

3-21.

Swann, Robert T., Dow, Marvin D., and Tompkins, Stephen S., "Analysis of
the Effects of Environmental Conditions on the Performance of Charring
Ablators," J. Spacecraft & Rockets, Vol. 3, No. 1, January 196&.

Reason: High density phenolic nylon, density and ccmposition of silicone
elastomer not specified.

Lundell, John H., Dickey, Robert R., and Jones, Jerold W., "Performance
of Charring Ablative Materials in the Diffusion Controlled Surface Com-
bustion Regime," AIAA Paper No. 67-328, April, 1967. Reason: Test
data tabulation not presented, no internal measurements.

Wakefield, Roy M., Lundell, John W., and Dickey, Robert R.,"The Effects
of Oxygen Depletion in Gas-Phase Chemical Reactions on the Surface
Recession of Charring Ablators, AIAA Paper No. 68-302, April 1968."
Reason: Refers to AIAA Paper 67-328 above for most of data, balance of
data not given in detail, no temperature measurements.

Swann, Robert T., Brewer, William D., and Clark, Ronald X.,"Effect of
Composition, Density and Environment on the Ablative Performance of
Phenolic Nylon.” NASA TND-3908, April 1967. Reason: For the appropriate
stagnation pressures, Pt,=1.0 atm, data contained either time to 300°F
rise or char thickness but not both; surface recession not given.

Dow, Marvin B. and Brewer, William D., "Performance of Several Ablation
Materials Exposed to Low Convective Heating Rates in an Arc-Jet Stream.”
NASA TN D-2577, January 1265. Reason: Heating rates very low (2 and 6
Btu/hr-ft?). -

Graves, Randolph A. and Witte, Wm. G., "Flight-Test Analysis ‘of Apollo
Heat-Shield Material Using the Pacemaker Vehicle System."” NASA TN D-4713
August 1968. Reason: Peak pressure reached 8 .atmospheres at saagnaticn'
point. No internal temperature data was obtained.

Peters, Roger W. and Wodlin, Kenneth L., "The Effect of Resin Composition
and Fillers on the Performance of a Molded Charring Ablator." WNASA TN
D~2024, December 1963. Reason: No temperature data published for Micro-
balloon-filled material. ;

Bonasi, J. J., Moodie, D. M., Gluck, R., and Zeh, W., "Low Density Shear
Resistant Ablators for Lifting Reentry Vehicles." Proceedings of AIAR/
ASME Eighth Structures, Structural Dynamics and Materials Conference,
March, 1967. Reason: Reference material tested may be Avcoat 5026-39
“HC/G but it is not specifically defined as such, Pip>1.4 atm.

Strauss, Eric L., "Superlight Ablative Systems for Mars Lander
‘Thermal Protection." Proceedings of AIAA/ASME Eighth Structures,
Structural Dynamics and Material Conference, March, 1967. Reason:

No recession or char thickness data given, techniques for measuring
heat flux or enthalpy not given.

Crouch, Roger K. and Walberg, Gerald D., "An Investication of Ablation
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Notes for Tables 3-1, 3-2, and 3-3

1. Facility Designations

@ NASA-Ames Gas Dynamics Branch (GDB) Planetary Entry Ablation Facility

@ NASA-Ames Magneto Plasma Dynamics Branch (MPDB) Low Density
Constricted-Arc Supersonic Jet

® NASA-Langley Applied Materials and Physics Division (AMPD) 20 inch
Hypersonic Arc Heated Tunnel

@ Aerotherm Corporation 1 MW Arc Plasma Facility

e Giannini Scientific Corporation 1 MW Hyperthermal Test Facility

® Martin Company Plasma Arc Laboratory, Facility B

® Space General Corporation Electro-Thermal Facility

@ NASA—Langley Entry Structures Branch (ESB) 5 MW Arc Poﬁered Tunnel
and 1 MW Arc Powered Tunnel

® NASA-Langley 2500 KW Arc-Powered Jet, Subsonic Flow

@ Boeing Miniarc E Arc-heated Plasma Facility

>9

General Electric Space Sciences Laboratory (SSL) Hypersonic Arc Tunnel

2. Material Composition Code

Phenolic Nylon PR = phenolic resin
PM = phenolic microspheres
N = nylon
SIM = silica microspheres
Silicone Elastomer SR = silicone resin
SM = silicone microspheres
PM = phenolic microspheres

3. Enthalpy Measurement Techniques

EB = Energy balance on arc generator '

SF ‘= Frozen sonic flow technique (or mass balance)

HF = Heat flux at stagnation point using Fay~Riddell eguation
sp

L]

Spectrographic method to determine static temperature:; enthalpy
read from Mollier diagram

4. In Boeing tests, pressure listed is test sectien entrance static pressure.

5. In NASA-Ames Entry Heating Simulator tests, convection heat flux (Column I}

and radiation heat flux (Column II) were applied simultaneously. Radiation

source was a carbon arc lamp.




(Except where specified, all initial temperature

TABLE 3-4
DENSITY NYLON PHENOLIC
Reference - 3-1

Facility - NASA Ames GDB
Model =~ PLL96

MODEL INTERNAL AND SURFACE TEMPERATURE DATA, LOW

= 530°R)

Time Temperature (°R) at Locations Indicated (in)
from Initial Surface
(sec) | 0.094 0.226 0.328 0.426 Front
Surface
(e=1.0)
5 610 2860
10 780 3050
15 1170 3150
20 1700 580 3230
25 2110 3300
30 590 540
40 730 i 3450
50 930 | 630 580 3500
60 1150 : 640 3480
70 1670 | 700 i 3480
90 ' E 620
Reference - 3-1
Facility - NASA Ames GDB
Model PLH98
Time Temperature (°R) at Locations Indicated (in)
from Initial Surface
Front
(sec) 0.115 0.212 0.314 0.431 surface
(e=1.0)
5 560 2900
10 650 3110
15 320 3200
20 1060 3260
25 1410 . 3300
30 1890 640 540 3340
40 2600 770 570 3400
50 990 600 560 3440
60 1380 640 3500
{ 70 2070 730 580 3520
| 75 2270




TABLE 3-4 (continued)

Reference - 3-1
Facility - NASA Ames MPDB
Model - PLL87

Time Temperature (°R) at Locations
Indicated (in) from Initial
Front Surface

(sec) 0.095 0.220 0.310
5 540
10 580 540 535
15 700
20 900 580 540
25 1160
30 610 570
40 660 610
50 780 620

Reference - 3-~1
Facility - NASA Langley AMPD
Model - PLL93

Time Temperature (°R) at Locations Indicated
(in) from Initial Front Surface
(sec) 0.114 0.198 0.314 SFront
urface
(e=1.0)
4 600
6 640
8 810
10 1250 600 ‘
12 1960 . " 4400
15 630 560
20 840 600
22 1170
24 1810
25 610




TABLE 3-4 (continued)

Reference - 3-1
Facility - NASA Langley AMPD

Model - PLH93

Time Temperature (°R) at Locations Indicated
(in) from Initial Front Surface
(sec) | 0.114 0.216 0.309 Front
Surface
(e=1.0)
4 550
6 610
8 740.
10 1110 535
12 1790 4400
15 570
20 680 540
25 1190 555
30 630
Reference - 3-1
Facility — Aerotherm Corporation
Model - PLL97
Time Temperature (°R) at Location Indicated (in)
from Initial Front Surface
‘ Front
{sec) 0.095 0.220 0.310 0.399 Surface
" (e=1.0)
5 580
10 780 550 3210
15 1180
20 1710 600 570 570 3340
25 2130 '
30 650 3360
40 780 600 600 3420
50 1040 3510
60 680 640 3590
80 1030 700
100 2130 1350




TABLE 3-4 (continued)

Reference - 3-1

' Facility - Giannini Scientific

Model - PLL90

Time Temperature (°R) at Locations
Indicated (in) from Initial
surface

Front

(sec) 0.119 0.220 surface

' (e=1.0)
5. 540 , 3560
10 710 545 3910
15 1480 3880
20 1980 600 4040
25 660 4070
30 890 4130
35 1490 4120

Facility - Giannini Scientific

Reference - 3-1

Model - PLH90

Time Temperature (°R) at Locations
Indicated (in) from Initial
Front Surface

Front

(sec) O.ll; 0.204 Surface

(e=1.0)
5 540 2760
10 640 540 3210
15 890 3410
20 1400 570 3590
25 1930 620 3660
30 690 3760
35 790 3830




TABLE 3-4 (continued)
Reference - 3-1
Facility - Martin Company
Model - PLL91

Time Temperature (°R) at Locations Indicated (in)
from Initial Front Surface
(sec) - | 0.111 0.221 0.314 0.415 Front
; Surface
(e=1.0)
5 550
10 600 2660
15 660
20 710 570 550 2780
30 820 v
40 1680 670 580 560 2920
60 830 620 3020
80 1090 690 610 3100
- 100 1540 910 ‘ 3160
120 700
Reference -~ 3-1

Facility - Martin Company
Model - PLHI91

Time Temperature (°R) at Locations Indicated (in)
from Initial Front Surface
(sec) 0.115 0.211 0.313 0.405 Siﬁggge
(e=1.0)
10 620 ~ 2620
15 680 :
20 780 560 540 2710
25 910
30 1040
40 1420 670 550 540 2840
50 1810
60 830 600 , 2940
80 1120 660 570 3020
100 770 3100
120 760




TABLE 3-4 (continued)

. Reference -~ 3-1

Facility - Space General
Model - PLL94

Time Temperature (°R) at Locations Indicated (in)
from Initial Front Surface
(sec) 0.104 0.211 0.284 Jrront
Surface
{e=1,0)
5 580
10 700 3260
15 990 3320
20 1330 550 3360
25 1700 , 3380
30 600 560 3400
40 740 580 3420
50 980 610 3470
Reference - 3-1
‘Facility - Space General
Model - PLH94
Time Temperature (°R) at Locations Indicated
{in) from Initial Front Surface
- Front
{sec) 0.111 0.211 Surface
) " (e=1.0)
10 640 3210
15 800 3300
20 1080 570 3360
25 1380 3400
30. 1810 660 . 3400
40 770 3420
50 970 3430




TABLE 3~4 (continued)

Reference ~ 3-2

Facility - MNASA Langley ESB

Models - LD-~7, LD-8

Temperatures (°R) at Locations Indicated {in)
fron Initial Front Surface

Time Model LD~7 Model LD-8
{gec). | 6,126 0.249 0.378 0.505 0.126 0.250 - 0.379 0.500
O 530 530 530 530 560 560 560 560
g 575 600
10 770 770
15 1435 545 1435 565
20 2005 565 2150 580
25 ' 600 630
30 690 700
35 850 540 820
40 1090 550 1000 565
45 1500 560 1320 585
50 2140 595 1910 625
55 2465 630 540 2305 675
&0 2665 660 545 2500 710 565
65 730 550 795 570
70 850 565 940 580
75 1100 577 1165 605
80 1445 605 1580 623
85 1950 630 2080 653
90 2280 665 2415 680
95 2560 720 2680 737
100 795 800
105 937 937
110 11390 1100
115 1460 1350
120 1880 1640




1 Time

Reference - 3-3

Facility - NASA Langley AMPD
Models - PN-2 Material at Various Exposure Times

Temperature (°R) at Back Face, 0.5 in. from

Initial Front Face
(sec) 30 sec 60 sec 90 sec 120 sec 150 sec
Exposure Exposure Exposure Exposure Exposure
20 530 530 530 530 530
30 531
40 ' 532.5 532.5
60 539 541 540.8
80 559.3 560 560.2
90 573 _
100 599 595
120 673 646.3
140 720
150 771
Time | Temperature (°R) at Front Surface
(sec) 30 sec 90 sec 120 sec
Exposure Exposure Exposure
0 3280 3110 3560
-5 3440 3540 3610
10 3490 3390 3690
20 3460 3835
30 3595 3410 3850
40 3690
45 3530
50 3830
60 3620 3885
70 3650 3860
80 3625 3865
90 3710 3930
100 3880
110 3950




TABLE 3-4 (continued)

Reference - 3-4
Facility -~ NASA Langley 2500 KW Arc
Models - 8 Models of Low Density Phenolic Nylon

Model Run Temperature History at Back Face, Tinit = 530 R
Initial Time -
Thickness : Time to Reach Time to Reach Temp at
580°R 830°R End of Run
{(in) {sec) - (sec) (sec) (°R)
0.925 257 158 257 830
$.927 258 140 256 870
0.476 119 85 115 1025
0.450 . 125 92 120 989
08930 210 112 o e 745
0.934 130 130 - ‘ 580
0.933 129 123 : - e 589
0.417 93 89 - 594

Reference - 3-5
Facility - NASA Langley 2500 KW Arc
Models - 2, 13

Time Temperature ( R) at Back Face,
Initially 1.0 in from
(sec) Front Surface
Model 2 Model 13
0 530 530
75 531 532
80 536 534
85 539 535
20 541 536
95 554 537
100 830 » 538
125 - 546
150 560
175 580
200 600
225 614
250 629
275 672
290 730 ,
294 : 828




TABLE 3-4 (concluded)

Reference - 3-6
Facility - NASA Ames GDB

Models - Various Phenolic Nylon Models

Temperature (°R)

Time Back Face, 0.1 in from Initial Front Surface Front Surface
(sec)
19 sec. 20 sec 39 sec 80 sec . 39 sec 80 sec
Exposure - Exposure Exposure Exposure Exposure Exposure
0 530 - 530 530 530 530 530
5 530 536 534 530 1435 935
10 601 600 559 542 1720 1100
i5 711 , 702 603 567 1910 1165
20 864 850 650 595 2010 1185
30 756 660 2120 1258
40 869 704 2180 1308
50 755 2220 1315
60 794 2250 1325
70 ¢ 835
80 872




\TABLE 3-5

“MODEL INTERNAL AND SURFACE TEMPERATURE DATA,

LOW DENSITY SILICONE ELASTOMER

(211 initial temperatures

'Reference 3;i
Facility - NASA Ames GDB
Model - SP96

530°R)

Time Temperaturei(°R) at Locations Indicated (in)
from Initial Front Surface
(sec) | 0.095 | 0.220 0.337 0.405 Front
. ‘ ) L ~ Surface
(g=l.0)
5 580 3000
10 700 3000
15 840 .. 3000
.20 1020 2970
30 1370 630 550 540 2930
40 1650 680 2890
50 1810 730 590 550 2860
80 810 2820
70 880 630 580 2800
75 930
Reference 3;1\
Facility - NASA Ames MPDB
Model - SP89
’Time Temperature (°R) at Locations Indicated (in)
from Initial Front Surface
. Front
(S@e} 0.120 0.241 0.311 0.421 Surface
(e=1.0)
5 590 535 532 532 3070
10 740 540 - 3310
15 1050 555 - 534 534 3340
20 1690 580 3350
25 2210 605 536 536 3350




| TABLE 3-5 (continued)

/
/

-

| Reference 3-1
Facility - NASA Langley AMPD

Model®*~- SP93

Time Temperature (°R) at Locations Indicated
(in) from Initial Front Surface
3 ~ Front
(sec) 0.085 0.189 Surface
(e=1.0)
2 550
4 640
6 810
8 1110
10 1530 550
12 2040
15 ' 600
20 700
25 940
- Reference 3-1
Facility -~ Aerotherm Corporation
Model - SP97
| Time Tempefature (°R) at Locations Indicated (in)
from Initial Front Surface
(sec) 0.101 0.208 0.303 0.409 Front
° ° ot ) Surface
_ (e=1.0)
;ﬁ 5 630 | 2600 ‘{
10 880 550 | 2740
15 1130
20 580 550 550 2750
30 630 2730
40 730 590 580 2720
50 840 , 2710
© 60 950 670 630 2700
- 80 780 670
100 860 740




Facility - Giannini Scientific

TABLE 3-5 (continued)

Reference 3-1

Model - SP90

Time Temperature (°R) at Locations Indicated
(in) from Initial Front Surface
, : Front
(sec} 0,099 0.216 Surface
(e=1.0)
5 550 3060
10 730 3260
15 1030 3310
20 1530 560 3460
25 1930
30 630 3460

Reference 3-1

Model - SPY91

Facility - Martin Company

Time Temperature (°R) at Locations Indicated (in)
from Initial Front Surface
‘ Front
(sec) 0.097 0.198 0.314 0.411 Surface
(e=1.0)
10 600 2690
20 750 570 2750
30 870
40 1000 690 550 540 2780
50 1080
60 1140 850
80 1010 650 580 2840
120 . 790 650




TABLE 3-5 (concluded)

/ Reference 3-1
Facility - Space General
Model - SP94

Time Temperature (°R) at Locations Indicated
‘ (in) from Initial Front Surface
Front
(sec) 0.097 0.189 surface
(e=1.0)
5 610 3180
10 740 3260
15 980 3300
20 1300 580 3330
25 1600 3360
30 1830 670 3380
35 1990 3400
40 780 3410
50 900 3420




TABLE 3~6%

MODEL INTERNAL AND SURFACE TEMPERATURE DATA,
AVCOAT 5026-39 HC/G
(Except where specified, all initial temperatures = 530°R)

Reference - 3-1
Facility - NASA Ames GDB
Model - A93

Time Temperature (°R) at Locations Indicated
(in) from Initial Front Surface
(sec) 0.113 0.226 0.330 Front
Surface
(e=1.0)
5 610 3120
10 900 3220
15 1320 3250
20 1810 3290
25 2210 3310
30 2460 580 3340
40 2940 620 3360
50 700 590 3390
60 830 610 3360
70 980. 650 3390
75 1080
Reference - 3-1
Facility — NASA Ames MPDB
Model - A84
Time Temperature (°R) at Locations Indicated
(in) from Initial Front Surface
(sec) 0.104 -0.222 0.305 0.41¢0
5 560
10 700 550 540 535
15 1070
20 1660 605 550
25 2120
30 810 580 ! 550
40 1160 650
50 1640 770 585

*Note: Due to the large quantity of AVCOAT material data, temperature
histories are presented here for enly a representative sampling of test

’

runs in Table 3-1.




TABLE 3-6 (continued)

Reference - 3-1

Facility - NASA Ames MPDB

Model ~ A85

Tinme Temperature (°R) at Locations Indicated (in)
from Initial Front Surface
(sec) 0.103 0.211 0.321 0.424 Front
Surface
(e=1.0)
4 550 3160
5 540 540 535
8 800 3470
10 545 545 540
12 1220 - 3610
15 580 550 550
16 2120 3680
20 2600 670 650 550 3740
25 660 555
Reference - 3-1
Facility - NASA Langley AMPD
Model - A90
Time Tenperature (°R) at Locations Indicated (in)
from Initial Front Surface
Front
(sec) 0.107 0.209 0.311 0.420 Surface
' (e=1.0)
4 560
55 535
6 600 570
8 680 600
10 850 670 570 535
12 1320 800
14 1950 1110 4380
15 600 !
20 730 580




TABLE 3-6 (continued)

Reference - 3-1
Facility - Aerotherm Corporation
Model -~ A98

Time Temperature (°R) at Locations Indicated (in)
from Initial Front Surface
: Front
0.113 0.215 0.313 0.424 Surface
(e=1.0)
5 , 630 3160
10 1010 570 3270
15 1490
20 1960 660 550 540 3320
25 2350 ,
30 890 3370
40 1340 660 560 3410
50 1930 3460
60 1060 640 3630
80 1840 830 3630
100 1350
Reference - 3-1
Facility - Giannini Scientific
Model - A94
Time Temperature (°R) at Locations Indicated (in)
from Initial Front Surface
. Front
(sec) 0.101 | 0.213 surface
(e=1.0)
2 535 . 2910
5 560 3260
8 720 3410
10 890 540 3560
13 1340
15 1740 3620
18 2190
20 650 3670
25 820
30 1130 3820
35 1620




TABLE 3-6 (continued)

Reference -~ 3-1

Facility - Martin Company

Model -~ A95
Time Temperature (°R) at Locations Indicated (in)
from Initial Front Surface
(sec) 0.103 0.216 0.314 0.415 Front
* ) Surface
(e=1.0)
5 560
10 730 2830
15 240
20 1190 590 540 ‘ 2960
25 1440
30 1730 700
40 860 590 540 3060
50 1050
60 1260 730 3080
80 ' 920 620 3060
100 1160 3080
120 900

Reference - 3-1
Facility - Space General
Model - A97

Time Temperature (°R) at Locations Indicated (in)|
from Initial Front Surface
Front
(sec) 0.110 0.203 Surface
(e=1.0)
5 600
10 820 3410
15 1220 600
20 1780 670 3460
25 2230 790
30 980 y 3510
35 1200
40 1470 3530
45 1730




. TABLE 3-6 (continued)

Reference - 3-8

Facility - NASA Ames Entry Heating Simulator
Model-50/FF/1.25

Temperature~(oR) at Locations Indicated

Time
. (in) from Initial Front Surface
Front
(sec) 0.131 0.288 0.422 Surface
(e=.75)
0.5 530 530 530 4250
1 4400
3 570 4510
6 650 4540
8 1220 4570
10 2070 530 530 4580

Reference - 3-8

Facility - NASA Ames Entry Heating Simulator
Model - 63/FF/1.25

Time Temperature (OR) at Location Indicated
' (in) from Initial Front Surface
, Front
(sec) 0.126 0.288 0.434 Surface
(e=.75)
1 520 520 520 3230
2 ~ 3700
4 560 3820
6 3880
8 630
12 950 530 540
13 3940
17 1760 4050
21 2360 4130
25 2870 550 610 4210




TABLE 3-6 (continued)

Reference ~ 3-8
Facility - Aerotherm
Model - 95/BH/2.0

Temperature (°R) at Location Indicated

Time
(in): from Initial Front Surface
(sec) 0.136 0.279 0.460 0.669 0.842 SFront,
urface
(e=.75)
10 578. 539 543 545 543 2548
20 534 2680
21 865 .
30 1195 552 539 542 541 2711
40 599 2700
45 1744 639
60 2116 795 543 532 536 2686
80 2352 1061 2678
90 2415 1194 606 537 532
100 2470 1327 2678
121 2555 1618 749 550 533 - 2678
Reference - 3-8
Facility - Aerotherm
Model - 88/BH/2.0
Time Temperature (OR) at Location Indicated
(in) from Initial Front Surface
(sec) 0.131 0.272 0.456 0.675 0.842 Sﬂi‘f’gze
(e=.75)
10 678 534 534 540 537 2713
20 1238
30 1831 586 530 2847
40 2054 673
50 2222 816 548 2850
60 2517 973 '
69 2724 1ll64 588 2850
80 1391 628 539
90 1605 677
100 1793 748 533 2841
110 1944 819
122 2077 908 539 539 2841




TABLE 3-6 \(continued)

Reference - 3-8
Facility - Aerotherm
Model -~ 108/BH/2.0

Time Temperature (OR) at Location Indicated
(in) from Initial Front Surface
FPront
(sec) 0.132 0.284 0.446 0.664 0.837 Surface
{e=,75)
10 681 539 533 541 542 3355
15 1043
20 1595 552 534 539 3480
25 2112
30 608 544 537 541 3533
40 789 551 3548
50 1202 561 3566
60 1900 596 539 533 3577
Reference - 3-8
Facility - Aerotherm
Model -~ 74/BH/2.0
Time Temperature (°R) at Location Indicated
(in) from Initial Front Surface
Front
(sec) 0.148 0.282 0.480 0.673 0.846 Surface
(e=.75)
8.8 601 530
12.8 818 ‘534
16.8 1150 543 3475
20.8 1780 556 530 530 530 3427
25.8 599 . 530 3427
30.8 685 534 538 535 3506
40.8 961 539 541 538 3485
50.8 557 544 543 3544
52.8 1772 )
60.8 2327 592 549 547 552




TABLE 3-6 (continued)

Reference ~ 3-8
Facility - Aerotherm
Model - 83/BH/2.0

Time Temperature (°R) at Location Indicated
{(in) from Initial Front Surface
(sec) 0.152 0.277 0.460 0.678 0.842 Front
Surface
{(e=.75)
4.8 534 534 543 552 546 3056
10.8 858 556 530 549 543 4043
14.8 1753
20.8 616 534 544 541 4120
25.8 754
30.8 1009 539 539 536 4241
4G.8 1940 574 536 532 4300
50.8 680 531 531 4318
€1.0 914 538 536 4300
Reference ~ 3-8
Facility - Aexotherm
Model - 101/BH/2.0
Time Temperature (°R) at Location Indicated
(in) from Initial Front Surface
Front
{sac) 0,136 0.287 0.455 0.673 0.846 Surface
(e=.75)
5 642
8 928 4399
9 1542
10 551 530 532 534 4454
15 611
20 658 546 533 530 4537
30 1350 558 543 538 4600
33 1818
40 586 552 547 4624
45 556 549
46 637




Reference - 3-8

Facility -~ Aerotherm

Model - 116/BH/4.0

TABLE 3-6 (continued)

Time Temperature (°R) at Location Indicated
(in) from Initial Front Surface
! Front
(sec) 0.132 0.455 0.668 0.852 Surface
(e=.75)
10 608 530 544 545 2429
20 922 530 543 545 2705
32 1480
40 1828 539 539 543 2826
53 2146
60.5 2259 552 533 541 2829
Reference - 3-8
FPacility - Aerotherm
Model - 122/BH/4.0
Time Temperature (OR) at Location Indicated
{in) from Initial Front Surface
(sec) 0.132 0.279 0.460 0.661 0.847 Front
Surface
(e=.75)
.10 823 551
13 1257 534 3830
15 1703 542 3840
17 2011 551 551 3840
20 2340 586 541
30 878 542 531 545 3792
40 1546 535 538
45 ’ 567 3781
50 2194 585 539 531
60 2600 699 542 535 31894




Time

TABLE 3-6

Reference - 3-8

(continued)

Facility - Aerotherm
Model - 33/H/2.0

Temperature (°R) at Location Indicated
(in) from Initial Front Surface
(sec) 0.223 0.406 0.599 0.762 Front
Surface
(e=.75)
10.5 697 534 539 542 3381
20.5 1326 543 534 543 3445
30.5 2160 579 539 553 3455
40.5 2488 689 543 562 3470
50.5 2812 867 552 567 3485
60.5 2935 1137 566 3548
68.6 3057
70.5 1518 593 581 3585
80.5 638 590 3615
90.5 2305
Reference - 3-8
Facility - Aerotherm
Model - 17/FF/2.0
Time Temperature (OR) at Location Indicated
(in) from Initial Frton Surface
{sag) 0.158 0.287 0.460- 0.673 0.832
10.3 562 - 539 553 551 543
20.3 1346 552 539
30.3 2645 606 544 548
40.3 872 548
50.3 1740 557
60.3 580 548 558
61.1 2440
70.3 679
80.3 895
£9.3 1502 560 567




TABLE 3-6 (continued)

Reference -~ 3-8
Facility - Aerotherm
Model - 164/BH/2.0

Time Temperature (OR) at Location Indicated
(in) from Initial Front Surface
Front
(sec) 0.12¢9 0.287 0.446 0.669 0.849 Surface
(e=.75)
6 599 538 530 4258
8 763 530 4336
10 1108 560 541 540 4406
12 1602 4458
20 581 557 534 4545
30 561 548 546 4587
31 801
Reference - 3-8
Facility - Aerotherm
Model - 22/FF/2.0
Time Temperature (°R) at nocation Indicated
(in) from Initial Front Surface
Front
(sec) 0.144 0.284 0.460 0.673 0.832 Surface
(e=.7%)
10.5 677 547 534 535 ‘ 530 3566
20.5 1463 565 539 3599
30.5 2265 621 548 540 3670
40.5 2753 782 561
50.5 1040 565 541 3726
60.5 1542 588 3749
70.5 2075 623 564 569 3774
80.5 2456 690 3785
90.5 2810 809 568 583 3821




TABLE 3-6 (continued)

Reference - 3-8

Facility - Aerotherm
Model - 18/FF/2.0

Time Temperature (OR) at Location Indicated
(in) from Initial Front Surface
(sec) 0.140 0.294 0.462 0.678 0.842 Sﬂi?ﬁﬁe
(e=.75)
10 962 552 534 530 530
2 1446 4154
15 2280 565 4211
20 612 556 4269
30 974 561 4300
40 2013 578 557 534 4252
Reference - 3-8
Facility - Aerotherm
Model - 97/BH/2.0
Time Temperature (°R) at Location Indicated
(in) from Initial Front Surface
(sec) 0.134 0.282 0.450 0.673 0.846 Siiggge
‘ (e=.75)
& 658 4294
8 906 543 4342
10 1320 539 541 538 B
20 720 552 535 4537
28 1543
30 556 541 534 4640




TABLE 3-6 (concluded)

Reference -~ 3-8
Facility - Aerotherm
Model - 112/BH/1.0

Temperature (OR) at Location Indicated
(in) from Initial Front Surface
— SN
(sec) 0.146 0.298 0.458 0.667 Surface
(e=.75)
5.6 663 537 4721
8.6 1802 534 4750
10.6 2636
12.6 586 4770
20.6 985 575 534
24.6 2422
30.6 562
32.6 584
Reference ~ 3-8
Facility - Aerotherm
Model - 138/BH/1.0
Time Temperature (°R) at Location Indicated
(in) from Initial Front Surface
Front
(sec) 0.129 0.294 0.458 0.662 Surface
‘ (e= .75}
5 1559 T 603 580 558
5.6 2144
12 680 592 4731
15 1515 600 567
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SECTION 4

QUALIFYING CALCULATIONS

Using CHAP I, qualifying calculations were performed to demonstrate an
ability to operate the program successfully prior to initiating Task II of the
study. One test condition was chosen for each of the three materials. Calcu-
lations were performed with CHAP and the results (total surface recession,
final char thickness, and temperature histories) were compared with the test
data. The results were reviewed with the technical monitor, and where the data
match needed imprbvement, revisions were made in the input and the code rerun.
In the process the program, which was originally running on the CDC 6600 com-
puter, was sucgessfully transferred to the Univac 1108 in order to accelerate
turn-around time. The machine-time cost differential, which is approximately
10 percent in favor of the 6600, is outweighed by the operating efficiency
achieved by faster turn-arounds on the 1108. 1In addition, with the program

operating on both machines, calculations can continue when one computer is down.

The following sections describe the gualifying calculations on each
ablating material and the criteria for determining satisfactory agreement be-

tween calculated and experimental data.

4.1 CRITERIA FOR AGREEMENT BETWEEN CALCULATIONS AND MEASUREMENT

4.1.1 General Remarks

Successful operation of an ablation code such as CHAP allows surface tem-
peratures, surface recessions, char thicknesses, and thermocouple responses to
be predicted with a fair degree of accuracy. This demonstration task required
the definition of "satisfactory" agreement between predictions and experimental
data. The definition of "satisfactory" shall apply to both Task I, reported
here, and to the subséquent, more extensive Task II calculations.  All in all,

the agreement criteria will have the following uses

Task " Use of Criteria

I.3 Evaluate ability to operate the CHAP
code and obtain satisfactory predictions

+

Ir.1 Obtain good properties data for iterative
calculations
IT.3 Final calculations, evaluation of range

of applicability of CHAP

4-1




The criteria will be applied rather strictly in Task II.1 in order to
arrive at the best possible set of properties data before beginning the more
wide scale calculations of Task II.3. In the evaluation phase of Task II.3,
the criteria will be used to define the range of applicability of CHAP. The
exact nature of this range definition activity remains to be established during
Task II.3. Since it is unlikely in a battery of calculations covering a wide
range of conditions that all the criteria will be met in any one case. some
caution will be necessary in the final assessment of the applicability range.
Too rigid adherence to pre-established criteria may artificially restrict ‘the
indicated range of applicability.

Somewhat similarly, the criteria need not be applied too literally in
Task 1.3, wheré considerations of economy discourage an extensive search for
close agreement in all respects between prediction and data. Here, predic-
tions satisfactory in most criteria, plus an adequate explanation of any impor-

tant discrepancies, suffice to indicate successful operation of the CHAP code.

The subsections of Section 4.1.2 discuss individual agreement criteria.

4.1.2 Agreement Criteria

4.,1.2.1 Surface Temperature

Surface temperatures are measured by pyrometric (radiative) means, for
which the expected random error of the basic instruments is often about * 1 per-
cent of the full scale. Usually, random errors of data recording and reduction
add at least another * 1 percent to this figure. In addition, many other errors
of calibration and instrument handling (placement and focusing) can take on a
random character of a magnitude of some + 3 percent. All in all, surface tem-
perature measurements of this type have a random uncertainty of * 5 percent

or + 150°R to + 300°R for the temperature range of most interest here.

Systematic errors can also be important. These can stem from uncorrected
window and mirror losses, gas cap radiation interference, non-normal viewing
angle sffects, and emittance assumptions. The importance of these must be judged
according to the particular test set-up in each case studied. :

The surface temperature criterion is set at + 200°R, with a cautionary

note about potentially important systematic errors.

4,1.,2.2 Surface Recession
Due to surface roughness effects, surface recession can seldom be

measured accurately to within + 0.010 inches. Various other uncertainties in

’
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such quantities as recovery enthalpy, convective transfer coefficient, and
char density, make it difficult to predict recession amounts to within = 20

percent of the observed recession.

Therefore the recession prediction will be considered satisfactory if

the predicted recession matches the observed recessions to within # Ngr where

Ng is the maximum of:
1. 20 percent of the observed recession
2. 0.010 inches

For char thicknesses comparable to the surface recession, char swelling
or shrinkage may be an important factor. The actual amounts of shrinkage or
swelling can sometimes be discovered from inert environment tests. If the char
dimensional stability can be guantified , it should be considered in the com-
parisons of predictions with data.

4,1.2.3 Pyrolysis Penetration Depth

The basic uncertainty on pyrolysis penetration depth measurements is
approximately 0.010 inches. Char shrinkage or swelling may amount to 20 percent
of the char thickness. Otherwise, penetration depth should be predictable to
within * 10 percent.

Therefore the pyrolysis penetration depth prediction will be considered
satisfactory if the predicted depth matches the observed depth to within #* Ny s
where N is the maximum of: :

1. 10 percent of the observed pyrolysis penetration depth
2. 0.010 inches

In the specified (input) surface temperature and recession runs during
Task II, this criterion can apply strictly. In other runs, note must be taken
. of the influence of faulty predictions of surface temperature and surface reces-
sion on predicted pyrolysis penetration depth.

4,1.2.4 Thermocouple Criteria

For runs made with specified (input) surface temperature and recession,
thermocouple matching ought to be relatively good, provided of course that the
input surface temperature and recession histories are adequately characterized.
During times of "low" temperature rise rates thermocouple predictions should be
within 10 percent of the current absolute temperature. Experience shows that
it is not possible to maintain this accuracy during periods of rapid temperature
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rise. A smooth blend with the first criterion cited above would be (for the
temperature rises and rise rates of interest in this program)

. daT
< m
(Tcalc Tm) = 4 sec a§—~+ 0.1 Tm

This criterion in effect specifies a permissible 4 to 5 second time lead for a
thermocouple response prediction during rapid temperature rise periods. The
criterion is therefore biased in favor of over-prediction since thermocouples
generally lag the material response due to thermocouple capacitance and thermal

contact effects. -

4.2 GENERAL ASSUMPTIONS AND REMARKS

The experimental runs for nylon phenolic, silicone elastomer, and Avcoat
5026-39~HC/G were all chosen from Reference 3-1. The test model shape was a
flat faced disk, 1.25 in. diameter, with a 0.625 in. diameter instrumented core
plug, 0.75 in. thick. The model was bonded on the back-side to a steel base
plate with the cavity behind the core filled with RTV silicone rubber. The
CHAP runs were modeled with no heat sink (conduction or radiation) at the back
face, an assumption that introduced no error because the model thickness pre-
vented any Lemperature rise at the back face for the conditions run. The vir-
gin material was divided into J = 10 stations in all cases. 1Initially, the
char layer was divided into I = 4 stations, but, for later runs, broken into
I = 8 stations. The effect on the results of the finer division was negligible,
The relatively large spacing between stations in the virgin material caused
problems when the program interpolated thermocouple temperatures in regions of
rapidly changing temperature gradient. The interpolation scheme was a 2nd order
curve fit and as a result, the thermocouple temperature plots exhibited an ap-~
parent oscillatory behavior. The plotted temperature data in this report will
present both the thermocouple results as computed by CHAP and "corrected" re-
sults as deduced from an inspection of the in-depth temperature profile deter-
mined from the nodal temperatures. To eliminate thermocouple error, future
CHAP cases will incorporate smaller nodes and a linear thermocouple interpola-

tion technigue.

All runs were made with the oxidation option‘of the CHAP code. (In .the
case of silicbne elastomer, the oxidation mechanism‘was supplemented by simu-
lated melting by modifying the sublimation mechanism as discussed in Section 4.4.)
All cases used the second degree approximation for aerodynamic blockage (blow-

ing reduction) of convective energy to the surface.



4.3 LOW DENSITY PHENOLIC NYLON

The test condition simulated was tabulation no. 23 of Table 3~1 (Space
General Corp. Model No. PLL94) taken from Reference 3-1. The conditions were

as follows:

Enthalpy, h 14,922 Btu/lb

It

Heat Transfer Rate, écw 103 Btu/ft’sec

Stagnation Pressure, Py 0.00511 atm

2

it

Run Time 50 seconds

Two runs were made with CHAP on this material. The first run employed
thermophysical properties listed in Table B-1 with heat of combustion listed
in Table B~4. The second run used "faster" oxidation kinetics in an effort to
increase the recession rate and the surface temperature. The results are com-
pared with the test data in Table 4-1. Plots of internal and surface tempera-
tures appear in Figures 4-1 through 4-3. The thermocouple at 0.284 inches from
the initial front surface rose 80 degrees in the test and increased about 45

degrees in both calculation runs.

Run 1 showed a surface recession that was too small and a surface tem-
perature that was low by 600°R at the end of the run (for char ¢ = 0.8). The
internal temperatures were also lower in the calculation. The experimental
recession rate was substantiated by two other tests at the same conditions
reported in Reference 3-1. An alternate surface temperature measurement in
the test using an SRI-supplied radiometer read 400°R lower (only the maximum
reading was published). Therefore the calculated results were lower than the

average measurement by about 400°R.

Run 2 employed oxidation reaction rate constants that are listed in
Table B~2 of Appendix B for silicone elastomer and are termed "Scala's fast
kinetics." The results showed an increased recession rate, but the surface
temperature decreased another 100 degrees. Hand calculations have indicated
that, in Run 2, the char mass removal rate reached the "plateau" asymptote as
governed by the oxygen concentration very early in the run. Therefore still

faster kinetics will not alter the results to any significant degree.

The predicted results and the measured results do not compare especially
~well for this case, and except for thermocouple response generally do not meet
the agreement criteria of Section 4.1. The predicted surface temperature is
reasonably close (200°R) to the lower of the two reported pyrometer measure-
ments, but the surface recession misses the measured value badly. It secems
‘likely that the reported test data are erroneous in some respect: the reported
enthalpy and cold wall heat flux yield an oxygen diffusion-limited recession

rate which, with no blowing reduction, can account for only 60 mils (compared
4-5




with the reported value of 54 mils) of recession. Blowing reduction effects
should reduce this value by some 20 percent; departures from the diffusion-
limited plateau value of nm at early times will acount for another 10 percent
reduction, having an expected recession of 42 mils, much closer to the predicted
value of 27 mils. Char shrinkage may account for the 12 mil discrepancy be-
tween expected and observed recession (this would imply a 10 percent shrinkage);
the remaining 15 mil discrepancy between observed and predicted results may in

large part be measurement error.

Predicted char thicknesses are somewhat in general harmony with the low
recession predictions. Essentially the same rationalizations apply in both

cHees.,

There are no apparent flaws in the reported test conditions. Calculation
of enthalpy from pt2 and écw verify that the stream was quite uniform.

4.4 LOW DENSITY SILICONE ELASTOMER

The test condition calculated was tabulation no, 9 of Table 3-2 (Giannini
Scientific Corp., Model SP90) from Reference 3-1. The conditions were:

Enthalpy, h

10,200 Btu/1b

Heat transfer rate, écw = 145 Btu/ft’sec
Stagnation pressure, Py = 0.0199 atm

2
Run time = 35 seconds

The results of two CHAP runs are presented in Table 4-2 and the plots
of surface temperature and the temperature indicated by the thermocouple nearest
the surface are shown in Figures 4~4 and 4-5 respectively. The temperature in-
dicated by a second thermocouple, located 0.216 inch from the original surface
but not shown, increased 100 degrees by the end of the test and rose 140 de-

grees in both computation runs.

Run 1 employved thermophysical properties presented in Table B~2 for
silicone elastomer. Since the predicted surface temperature of Run 1 exceeded
the melt temperature cited in the Work Statement (3800°R), a second run was
made with melting simulated with the exponential sublimation feature of CHAP.¥
Sublimation constants ABEXP = 1.5 x 10°°® and BBEXP = 331,632 simulated melting
or failing in a narrow * 200°R band centered at 3800°R.

Overall, the agreement between predictions and data is excellent. The
Run 1 predicted surface temperature appears somewhat high (by about‘400°R).'
The measured surface temperature was substantiated by the SRI radiometer used

*For this purpose, pressure effects in the sublimation computations were deleted
with appropriate Fortran changes.



in the test. However both the Thermodot pyrometers and the radiometer viewed
the model through a chamberport, evidently with no correction factor considered
in the results. A third temperature surface measurement with an L&N optical
pyrometer peaked at 4020°R (e = 0.8), but information on the location of the
instrument is not given.

Reported surface temperatures may therefore be somewhat low, perhaps by
100°R. The 0.8 emittance assumption is higher than the data reported by Pope
(Ref. 2-15) of 0.71; this accounts for another 100°R and brings the adjusted
experimental daté up to an acceptably close match to both Run 1 and Run 2

predictions.

The predicted Run 1 recession matches the test data quite well in that
both are negligible; Run 2 experienced melting which raised the recession to
29 mils. A preference between Run 1 and Run 2 would depend on the guantifica-

tion of char swell, which for the 127 mil char might easily amount to 20 mils.

The char thickness prediction is excellent for Run 1, and about 20 per-
cent low for Run 2. Again, a study of a char swell is necessary to allow a

rational choice between the two predictions.

The thermocouple match is quantitatively good, although the shapes of
the predicted and measured responses do not correspond particularly well.

Study of this possible problem would have to involve other cases.

4.5 APOLLO HEAT SHIELD MATERIAL, AVCOAT 5026-39HC/G

The test condition simulated was tabulation no. 4 of Table 3-3 (NASA
Langley AMPD, Model A90) from Reference 3-1. The conditions were as follows:

Enthalpy, h = 4900 Btu/lb
Heat transfer rate, écw = 280 Btu/ft?sec
Stagnation pressure, Pe = (0,284 atm

Run time = 20 seconds

CHAP was run twice on the Apollo material. The first run employed the
material thermophysical properties of Table B-3, Appendix B, as given in the
contract work statement. The results appear in Table 4-3; thermocouple histor-
ies are shown in Figures 4-6 and 4-7. Reference 3-1 presented only the f£inal
surface temperature. The surface temperature and recession predictions matched
the data very well; char thickness was a factor of two too high and the deep
thermocouple response was overpredicted. (The shallower of the two thermcouples

was inadvertently not called out in this run.)

A second run aimed to reduce these two discrepancies with reduced values

5f the char conductivity at high temperatures (above 2260°R). The char thermal




conductivity used in Run 2 (see Table 4-4) was taken from Reference 4-1. 1In
that study revised conductivity values (above 2260°R) were derived from the
existing Aveo data in an effort to match in-depth thermal response on Apollo
flights AS8-501 and AS-502. The second run satisfactorily reduced the char
thickness to match very well with the test results. However, the temperature
gradient became too large. It is noted in Figures 4-6 and 4-7 that the thermo-
couple nearest the surface (and in the char after ~ 6 seconds) was high in the
calculation and the thermocouple 0.10 in. deeper was calculated lower than the
test value. Undoubtedly, further computer runs could fit the test temperature
response data with a refined char thermal conductivity featuring somewhat lower
kc values at high temperature and higher values at low temperatures. Some study
of the pyvrolysis gas enthalpy might also be in order. However the effort is
more appropriate for Task II of the study, particularly sincé the agreement is
already fairly good and meets the suggested criterion of Section 4.1 above.

REFERENCE

L], Bartlett, E.P., Abbett, M.J., Nicolet, W.E,, and Moyer, C.B.,
‘Tmproved Heat-Shield Design Procedures for Manned Entry Systems,
Part IX, Application to Apollo", Aerotherm Corporation, Mountain
View, California, Aerotherm Report No. 70-15, June 22, 1970.



TABLE 4-1

COMPARISON OF RESULTS FOR LOW DENSITY PHENOLIC NYLON
Tab. No. 23, Table 3-1

Test Results CHAP Results
Run 1 Run 2
‘ Total surface
recession (in.) 0.054 0.0015 0.027
Final char
thickness (in) 0.124 0.177 0.15¢6

Final surface
temperature (°R) 3670 3059 2967
(e=0.8)




TABLE 4-2

COMPARISON OF RESULTS FOR LOW DENSITY SILICONE ELASTOMER
Tab. no. 9, Table 3-2

Test Results CHAP Results
Run 1 Run 2
" Total surface
recession (in) 0.004 0.005 0.029
Final char v
thickness (in) 0.127 0.125 0.103

Final surface
temperature (°R) 3660 4058 3804
(e=0.8)



TABLE 4-3

COMPARISON OF RESULTS FOR AVCOAT 5026-39HC/G
Tab. No. 4, Table 3-3

Test Results 'CHAP Results
Run 1 Run 2
Total surface
recession (in) 0.177 0.167 0.172
Final char
thickness (in) 0.061 0.126 0.059
Final surface
temperature ( R)
Langley photo
pyrometer 4230 4268 4301
A (e=0.75)
SRI radiometer 3985%*
(e=0.75)

r » » 3
Uncorrected for losses in tunnel window and a mirror




TABLE 4-4

CHAR THERMAL CONDUCTIVITY

(From Reference 4-1)

T k

°R Btu/ft sec®R

460 1.33 x 10°°

860 2.00 x 10°°
1,060 1.86 x 10~ °
1,360 1.94 x 10°°
1,460 2.03 x 10~°
1,710 2.89 x 107°
1,860 4.03 x 10°°
2,060 6.81 x 10°°
2,260 1.00 x 10°"
2,460 1.16 x 10-*%
2,660 1.38 x 10™"
2,860 1.27 x 107"
3,060 1.11 x 10”"
3,260 9.00 x 10°°
3,460 1.93 x 107°
3,660 2.08 x 10°°
3,860 2.18 x 10°°
4,060 2.22 x 10°°
4,260 2.20 x 10°°
4,460 2.08 x 10°°
4,660 1.94 x 10°°
4,860 1.82 x 10™°
5,060 8.5 x 10°°
5,260 7.4 x 107°
5,660 4.0 x 10°°
5,860 2.1 x 10" °
6,060 1.5 x 10”°
6,460 7.0 x 1077
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APPENDIX A
CONVERSION OF PYROLYSIS KINETICS DATA TO REACTION
PLANE KINETIC CONSTANTS
aA.l BASIC EQUATIONS

Thermogravimetric (TGA) data for charring materials are usually reduced
and reported as "kinetic constants" in a pyrolysis equation:

Qo

&= £(p,o.,T) (A~1)

Often the most exact fits to the TGA curves require that the pyrolysis be modeled

with more than one component

P =30y (A-2) "
55 £, (pirpri:T) (A~3)

Usually Equation (A-3) is assumed to be of the form

-E./RT |Pi ™ °
k e T —_—1t (A-4)
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Use of this equation, or any equation of the form (A-3), in an in-depth
thermal response calculation would produce a predicted density profile with
depth which varies smoothly between the virgin density and the char density

fe

fe




The CHAP code is based upon a different model which simplifies in-depth
calculations. Densities in-depth are either char density or virgin density;
pyrolysis occurs at a "reaction plane®. The density profile therefore looks
like ‘

4

The rate of pyrolysis ﬁp is related to the temperature at the pyrolysis plane
location by the:assumed relation:

. -B/T
m_ = Ae 1
P

(a-5)
It is not obvious how values for A and B can be obtained from pyrolysis
kinetics numbers reported in the literature. Stroud in Reference A-1 has per-
formed a number of computational experiments with a specially written code to
explore this guestion. From his computed results for a variety of charring
problems, Stroud extracted "empirical" relationships between the pyrolysis law
constants in an eguation of the form (A-3) and the reaction plane constants A

and B, Stroud assumed a pyrolysis law

i

Q2
©
e

p:

T (A-6)

" Poyl g A°i
i

streud's correlations for single component pyrolysis are for the pre-exponential

factor

Y 0.7+2.2AH

k_A R - & i

R Bl L n=1/2 (a-7)
o pp
K A % _1.5+3.6AH

A= (g - p)| B2 e 191 n=1 (a-8)
o] pp



%  1.7+1.848H

- _ p o 1.89 - _
A (pg pc) pocp e n 2 (A~9)
P
and for the activation energy
B = L n=1/2 and 1 (A-10)
1.91RrR
E
= m g -
B = 17g5w " (A=11)

If decomposition takes place in more than one reaction it is sufficient to use
constants from the dominating reaction in Equations (A-7) through (A~-1l}.

It should be noted that the pyrolysis law (A-6) used by Stroud differs
from the commonly used expression (A-4) in that the density driving potential
is pi/po, and not (pi - pri)/poi. This discrepancy will require an adjustment
to the pre-exponential factor ko to convert it to an effective Ao. {The eguiva-
lence is of course not exact since the two pyrolysis laws are fundamentally dif-
ferent.) If we choose to match the two expressions at the half-pyrolyzed point
p = (po + pr)/Z, then we can derive that

A =k S S (a-12)

Egquations (A~7) through (A-11) and (a-12) allow, therefore, most of the
pyrolysis data in the literature to be converted to the "reaction plane” con~
stants required as input to the CHAP code. '

REFERENCE
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- APPERDIX B

PROPERTY VALUES USED IN QUALIFYING CALCULATIONSkMV

Table B-1 «

Table B-2 -

Table B-3 -

Table B-4 -

Nominal Thermo-chemical Proper.ies for
Low Density Phenolic Nylon

Nominal Thermo-chemical Properties for
Low Density Silicon Elastomer

Normal Thermo-chemical Properties
for the Apollo Heat Shield Material

Heat of Combustion (Btu/lbm) for Carbon




Table B-1 - Nominal Thermo-chemical Properties for
Low Density Phenolic Nylon

Undegraded material

dénsicy, 1bm/ft3 o v e o e 1
specific hea;, Bcﬁ/lbm R, at temperature of- h
560 R o o o o oo v e e e e e e e e e e e e e e L6
660 R o o « o o o o o e o o o o s o o o o e e 3
:760 R e e e i e e N 1
L -
950 R « v v v e e e e e e e e e e e stE
1060 B o v v v o v e e e e e e e e e e e e e e e et e e J545

thermal conductivity, Btu/ft-s-R, at temperature of=-

SUOR ¢ v e v v o m e e e e e e e e e 1.28 x 1075

JOOR o v v v o o e e e e L28x 2078

BO0R = v e e e e e e e e e e e e L1107

TI00R + & o v o v v v e v e oot e e e e ae e e 1.48x 107

I280R + v e v v e e e e e ee e e e e e .. 151 x 1070
activation temperature, R '« « o o ¢ o o ¢ o o o o o » ; . oo . 23200

‘»reaction~rape constant, lbm/ftzs.. s o s 8 o s o s o s e o s & 1.586x i@é
effective heat of pyrolysis, Btu/lbm « « o ¢ + ¢ o o ¢ o o &+ 550

effective specific heat of pyrolysis gages, Btu/lbm R,
at tc&ﬁcratures of~- .

SO0 R . ¢ o o o ¢ o o o s o s o s o s o s ¢ 0 5 6 o 6 8 & 5 o s 87

J000 R « v o e v o e e e o e ot et e e e e e 8T

1500 R o o e e e e e e e e e e e e e

L1800 R o o o o« o « o o s o s°6 8 8w s 6 o &« 8 o 6 o & s s o o 5 s & Lad5

2000 R e o .. e & & © ¢ © ©6 ®© & © & o 6 © © ® © & o & © @ ¢ © © & @ lwg?




Table B-1 - (concluded)

2100 R« o v o o ot v v e oo n et e e e e e e e e . 2,80
2500 R+ o e e v e e e e e e e e e ey 325
2300 R v o o v o v o v e e e e e e e e e e e s . 2.8
B000 R e e v ee e e e e e e e e e e e e e e . 1.80
R T T T . 12
3500 R e v o o o o o o o o o o o ot b e n e e e e e e e 1.05
BOOO R'e o v o e e e e et et e e 12
SO00 R o o o o s o o o o o o o o o v o o o o o oo et 2.2
CB000 R 4 v v e e e e e e e e e e e e 478

Desraded material

density,'lbm/ft3, T+ e o 5 s 6 s 8 s 6 e s s a4 s e s e s e 6 o o 12
activation temperature, R . « « « o« ISt Order « v o o o o« o 76500
reaction rate constant, 1bn/ft? satm oxidation . « « & & . . 1 x 1030
mass of char remoged per mass Of OXYZeH .« « « o o o o o o o @ o <75 ,‘
surface emittance .« o « « » o o = I R NN R .8
specific heat, Btu/Ibm R & & o ¢ o o o o o o o « o o o o o s o - 54
thcrmal.conductivity, Btu/ft-s-R, at tcmperaﬁure of-

SO0 R e e v e e e e et e e e e e, 2.5%10°
1500 R o o o o o o o o o o o o o oo s o i oo s oo o v oes 2.5X107
2000 Re v o vt e e e . 8X 1075
2500 R e o o o o s o o o o o o s s o s o o we o s o u e e o+ 20X1075
3000 R o o o o oo o o a o o o o o o o o o s o s s e e e e w . 30X107
3500 R v v v o o e e e e e e e e e e e e e e e 42,5 %2070
AOOO R ¢ o o o o o o o o o o o o o o o o o o o o s oo o u oo .60X107
G500 R 4 o o o o o m o oo aie oo n o s o s u s ie e e e e 76.2X 1072

SO00 R » o o o o o o o o o o es0 o s°5 o o s o s o e s o o o« o 100X 107"

5500 R e © e @ @ ® @ @ a4 0 § & o o e & o° 8 o © @ 0 .9 8.8 o© 8 o o 123 X 10”5

heat of combustion, Btu/lbm « ¢ o o o ¢ ¢ o o s v o o « « s » « 5000



Table B~2 ~ Nominal Thermo-chemical Properties
for Filled Silicone Resin in Honeycomb

" Undegraded material

density, lbm/ft3.. T 40
‘spécific heat, Btu/lbm R, at temperature of=- |
SLOR o v v vie v v v e e ae e e e R . 1)
560 R e ¢ ¢ o o o s ; e o o s e s s & o 8 s s 8 s e s e s e o s s <365
BE0 R v e e e e e e e e e e e 382
TEO R v o o m e s e e e e me e e e e e e e e 396
B0 R o v e e e e S AT
960 R . . R LRI B R R e e e 418
1060 R« « o ¢ o o s o s o s o s o o o s o o s s 6 6 o 0 0 s s o s 427
theérmal conductivity, Beu/fts R o ¢ ¢ o o o ¢ o s o o o o SR vl#@& X'lOff
activation temperature, R, « « o s o o » o ¢ o s o o e o s s o » 20000

reaction rate constant, lbm/fczs e e e e o s s s e s & s s o 6 o « 2700

effective heat of pyrolysis, Btu/lbm « . « o « o o o o o o « o o 250
effective specific heat of phrolysis gases, Btu/lbm R . . « « o 1

Degraded material

density, Ibm/EE3, « v v v vt h e e e e e e e e e e e e e . 20

specific heat, Btu/Ibm R .« ¢« « ¢ ¢ o e o ¢ o o o o o s & o o s . W43

thermal conductivity:Bfﬁ/ft s R, at temperature of -

500 R ...................{..........:.................. 1.9x1075
100G R e vvnnreeennnionseennoneeeesasnaessonnnnneeesnnes 2.0x1079
1500 B veenvenernsennannenennannanenneensenseneenensenes 2,0x107
2000 R eeeeunnnooconcansaesosascansncenseosneennsnosssen 3.3x1070
2500 R e eoseeccoccesnseccoocassancasensosssoncncnensases 3.TX107D
3000 R ...........n...........,..........:.............. L, 0x10™?

3500 R © e 00000080 OL00QE0 0000000 SCENS00CO0SE0O000GCaODE OO D l#gg}ilomﬁ

" - . . e .
)tCOO [V 60 0eos0es806b000¢6060086880066¢06860s606006808000086c8b0c068as L&«&XIG -
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Table B-2 -~

surface cnittance « o o o s o o
temparature of fussion, R . . .
heat of fussion, Btu/lbm . . .

activation temperature, R, . .

reaction rate constant, bm/ft?s atm

order of oxidation .« o « ¢ o o

°

%

(concluded

mass of char removed per mass of oxygen

.8
3800
60
39872
6.73 x 108
.5
1



Table B-3 - Normal Thermo-chemical Properties
for the Apollo Heat Shield Material

Undegraded material

density, lbm/ft3,

e

.

3

specific heat, Btu/lbm R at temperature of=-

560 R

 ’660‘

760 -

» 860

960
1060
1160

R

R

R

® .

thermal

500
600
723

973

1070

1135
1244
1250

- 1400

R

‘R

R

L] L3 ° L] L] o L
L] o L] ° L] o .
L] o ° - L) ° °
L] © ° ° L] L] L
o ° o L2 o e °
L] - ° L) ° o ®
conductivity,
o e L] ° e . ’
e ° ¢ o L] ° L
® L] ° .; ° L] °
° L] ® ¢ ° e ®
° ° L e 12 o °
L] R ° e e L] °
L4 L3 ® e 9 L2 L]

Btu/ft s R,

activation temperature,

reaction rate constant,

effective heat of pyrolysis, Btu/lbm

K,

®

°

®

temperature-

lbm/ftzs . .

L]

‘effective specific heat of pyrolysis gases,

-

‘B~5

L

Btu/lbm R .-

[

L ]

s

L]

&

Ll

32

@ e e .329
o o o 364
¢ & e #397
R T, S
PN 418
N 1)1
Y
1.4 X 105

L4 X 10™2

1.46 X 1072

. 1.68 X 107

@

®

1.71 X 1072

1.59 X 1072

1.42 X 107

1.31 X 1@“5‘

1.31 X 1072

19600
128000
250

1.0



Table B~3 - {(concluded)

Degraded Material

-

thermal conductivity, Btu/ft s R, at camperature of=-

i

3

d%—:ux:%i &y 5 T‘me/ f t ° s o ° 3 . » L3 ° » @ ° ° ° ° ° (] e e & o

b@uﬁli&u nua , Bru/lbm R, at Lcmpéfazure of-

?2@‘% emmmeao.baolnton.0»00‘000'0.000..0-‘lbcooo.ua...
1060:‘& ‘5@)@60'..0"“0".‘.l0.0...0.0""'..".."........
12‘}“%“}'0}2 @G 05000 0GOS0 D0ODB0 8000000006290 000000000e¢000P27
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gﬁ?lé'R “ GO0 068 OB GOV IOO09PISEEOH SO PO OOBSO0DEBHNDOLN0eD

5090 R e@m-o.u000.o.o..0;0000-‘l-oonol.tocco!oolooo‘o..
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53‘&‘0 % m\ttooen.0-00-o-o.o----.-'.tlutllotbocuvootcolon'n 3 88]{10.-5

1660 j:%. npoob.oonnooo’oo..oﬁoi:no.o-no-ooo-ot-un.-a-.-..-- 3-88){10"9

1860 }R omomeoo-uo’-tolooo.'o-l;vlooc“n-..oo-c_o-oooo-.nv.v 6-1 X].O"s.

8@60 l:ﬁ u)mmoov..;oo.-Co-ouloo!o’o.'o.tionouo.ov.roo-o;'voovn8'33xlo-5

Q‘L}'é@ }R omcwwnoo“.o.'n-.o‘Qooiblononao..-f..l.-;-.-;-00. 1107x10_5

306{) R d;movofnocncooltnnoo-'.'!O.o!oo.loolu.ooo.cc.o.ooo 16.7}(10—5

ﬁl}'60 1 0seﬁ0nt.vi040'0ololnoﬁootol-‘tooo.-ooooo.to..olob.oo‘l 19 5}(10 5 .

5}4‘60 ]34emt'ewout‘oona‘oooo-.o'.‘...‘o..Q‘.t.'oocoooovo‘ifulooiit 2.0 Xlo_s

CEIELATICE & o o o o o o o s o o o s o o o s o o o 0 o s s e
mass of char removed per mass of oxygen

activation temperature, R ¢ ¢ ¢ o o o o o o o o o o o o o &
reaction ﬁat@ constént,‘lbm/ftz S=atM e o o o o s o o ; R
order of oXidation « ¢ o 4 e e 0 o 4 - e e e e

heat of combustion, Btu/lbm o « « « . e e e s e e e

L]

L 4

o

15
76500
1 x 10%°
1.0

"~ 2500



Table B-4 Heat of Combustion (Btu/lb )
for Carbon '

Pressure (atm)

Temperature- 0.1 1.0 10.0 100.¢C
(°Rr) ,
1800 ‘ 4110 4110 4110 4110
2700 4266 4266 4266 4266
3600 4454 4447 4446 4445 -
4500 4871 4697 4656 4643
5400 6265 5295 4983 . 4884
6300 10220 6995 5679 5245
7200 13540 13050 7134 5869






